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1. Introduction 

This chapter shows how an e + e~ linear collider (LC) can contribute to 
our understanding of the Higgs sector through detailed studies of the phys- 
ical Higgs boson state(s). Although this subject has been reviewed several 
times in the past [1-6], there are at least two reasons to revisit the sub- 
ject. First, the completion of the LEP Higgs search, together with precise 
measurements from SLC, LEP, and the Tevatron, provides a clearer idea of 
what to expect. The simplest interpretation of these results point to a light 
Higgs boson with (nearly) standard couplings to W and Z. The key proper- 
ties of such a particle can be investigated with a LC with a ccntcr-of-mass 
energy of yfs = 500 GeV. Second, the luminosity expected from the LC is 
now higher: 200-300 ftrV -1 at y/s = 500 GeV, and 300-500 fb^yr- 1 
at y/s — 800 GeV. In particular, detailed designs have been developed for 
the LC by the American/ Asian collaboration (the NLC/JLC design [7,8]) 
and by the DESY-based European collaboration (the TESLA design [9]). 
At y/s = 500 GeV, the nominal 10 7 sec year integrated luminosities are 
220 fb-V _1 and 340 fb^yr- 1 for the NLC/JLC and TESLA designs, 
respectively [10]. Consequently, several tens of thousands of Higgs bosons 
should be produced in each year of operation. With such samples, numerous 
precision Higgs measurements become feasible, and will provide fundamen- 
tal insights into the properties of the Higgs boson(s) and the underlying 
dynamics of electroweak symmetry breaking. 

The e + e~ LC with center-of-mass energy y/s can also be designed to 
operate as a photon-photon collider. This is achieved by using Compton 
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backscattered photons in the scattering of intense laser photons on the ini- 
tial polarized e + e~ beams [11, 12]. The resulting 77 center of mass energy 
is peaked at about 0.8y/s for the appropriate choices of machine parame- 
ters. The luminosity achievable as a function of the photon beam energy 
depends strongly on the machine parameters (in particular, the choice of 
laser polarizations). The photon collider provides additional opportunities 
for Higgs physics [13-19]. 

Finally, we note that substantial improvements are possible for precision 
measurements of mw, mt and electroweak mixing angle measurements at 
the LC [20]. But, the most significant improvements can be achieved at the 
Giga-Z [21], where the LC operates at \fs = mz and y/s ~ 2mw With 
an integrated luminosity of 50 fb _1 , one can collect 1.5 x 10 9 Z events and 
about 10 6 W + W~ pairs in the threshold region. Employing a global fit to 
the precision electroweak data in the Standard Model, the anticipated frac- 
tional Higgs mass uncertainty achievable would be about 8%. This would 
provide a stringent test for the theory of the Higgs boson, as well as very 
strong constraints on any new physics beyond the Standard Model that 
couples to the W and Z gauge bosons. 

There is an enormous literature on the Higgs boson and, more generally, 
on possible mechanisms of electroweak symmetry breaking. It is impossible 
to review all theoretical approaches here. To provide a manageable, but 
nevertheless illustrative, survey of the LC capabilities, we focus mostly on 
the Higgs boson of the Standard Model (SM), and on the Higgs bosons 
of the minimal supersymmetric extension of the Standard Model (MSSM) . 
Although this choice is partly motivated by simplicity, a stronger impetus 
comes from the precision data collected over the past few years, and some 
other related considerations. 

The SM, which adds to the observed particles a single complex dou- 
blet of scalar fields, is economical. It provides a good fit to the precision 
electroweak data. Many extended models of electroweak symmetry break- 
ing possess a limit, called the decoupling limit [22], that is experimentally 
almost indistinguishable from the SM at low energies. These models agree 
with the data equally well, and even away from the decoupling limit they 
usually predict a weakly coupled Higgs boson whose mass is at most sev- 
eral hundred GeV. Thus, the SM serves as a basis for discussing the Higgs 
phenomenology of a wide range of models, all of which are compatible with 
present experimental constraints. 

However, the SM suffers from several theoretical problems, which are ei- 
ther absent or less severe with weak-scale supersymmetry. The Higgs sector 
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of the minimal supersymmetric extension of the Standard Model (MSSM) is 
a constrained two-Higgs-doublet model (2HDM), consisting of two CP-even 
Higgs bosons, h° and H°, a CP-odd Higgs boson, A , and a charged Higgs 
pair, H^. The MSSM is especially attractive because the superpartners 
modify the running of the strong, weak, and electromagnetic gauge cou- 
plings in just the right way as to yield unification at about 10 16 GeV [23]. 
For this reason, the MSSM is arguably the most compelling extension of 
the SM. This is directly relevant to Higgs phenomenology, because a theo- 
retical bound requires the mass of the lightest CP-even Higgs boson h° of 
the MSSM to be less than about 135 GeV (in most non-minimal supersym- 
metric models, m h o < 200 GeV), as discussed in Section 5.2. Furthermore, 
the MSSM offers, in some regions of parameter space, very non-standard 
Higgs phenomenology, so the full range of possibilities in the MSSM can 
be used to indicate how well the LC performs in non-standard scenarios. 
Thus, we use the SM to show how the LC fares when there is only one 
observable Higgs boson, and the MSSM to illustrate how extra fields can 
complicate the phenomenology. We also use various other models to illus- 
trate important exceptions to conclusions that would be drawn from the 
SM and MSSM alone. 

The rest of this chapter is organized as follows. Section 2 presents, in 
some detail, the argument that one should expect a weakly coupled Higgs 
boson with a mass that is probably below about 200 GeV. In Section 3, 
we summarize the theory of the SM Higgs boson. In Section 4, we review 
the expectations for Higgs discovery and the determination of Higgs boson 
properties at the Tevatron and LHC. In Section 5, we introduce the Higgs 
sector of the MSSM and discuss its theoretical properties. The present direct 
search limits are reviewed, and expectations for discovery at the Tevatron 
and LHC are described in Section 6. In Section 7, we treat the theory of 
the non-minimal Higgs sector more generally. In particular, we focus on the 
decoupling limit, in which the properties of the lightest Higgs scalar are 
nearly identical to those of the Standard Model Higgs boson, and discuss 
how to distinguish the two. We also discuss some non-decoupling exceptions 
to the usual decoupling scenario. In Section 8, we briefly discuss the case 
of a Higgs sector containing triplet Higgs representations and also consider 
the Higgs-like particles that can arise if the underlying assumption of a 
weakly coupled elementary Higgs sector is not realized in Nature. 

Finally, we turn to the program of Higgs measurements that can be 
carried out at the LC, focusing on e + e~ collisions at higher energy, but 
also addressing the impact of the Giga-Z operation and 77 collisions. This 
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material summarizes and updates the results of the American Linear Col- 
lider Working Group that were presented in [10]. The measurement of Higgs 
boson properties in e+e~ collisions is outlined in Section 9, and includes a 
survey of the measurements that can be made for a SM-like Higgs boson 
for all masses up to 500 GeV. We also discuss measurements of the extra 
Higgs bosons that appear in the MSSM. Because the phenomenology of the 
decoupling limit mimics that of the SM Higgs boson, we emphasize how the 
precision that stems from high luminosity helps to diagnose the underlying 
dynamics. In Section 10, we outline the impact of the Giga-Z operation 
on constraining and exploring various scenarios. In Section 11, the most 
important gains from a photon-photon collider are reviewed. We end this 
chapter with some brief conclusions in Section 12. 

2. Expectations for electroweak symmetry breaking 

With the recent completion of experimentation at the LEP collider, 
the Standard Model of particle physics appears close to final experimen- 
tal verification. After more than ten years of precision measurements of 
electroweak observables at LEP, SLC and the Tevatron, no definitive de- 
partures from Standard Model predictions have been found [24]. In some 
cases, theoretical predictions have been checked with an accuracy of one 
part in a thousand or better. However, the dynamics responsible for elec- 
troweak symmetry breaking have not yet been directly identified. Neverthe- 
less, these dynamics affect predictions for currently observed electroweak 
processes at the one-loop quantum level. Consequently, the analysis of pre- 
cision electroweak data can already provide some useful constraints on the 
nature of electroweak symmetry breaking dynamics. 

In the Standard Model, electroweak symmetry breaking dynamics arise 
via a self-interacting complex doublet of scalar fields, which consists of 
four real degrees of freedom. Renormalizable interactions are arranged in 
such a way that the neutral component of the scalar doublet acquires a 
vacuum expectation value, v — 246 GeV, which sets the scale of electroweak 
symmetry breaking. Hence, three massless Goldstone bosons are generated 
that are absorbed by the and Z ', thereby providing the resulting massive 
gauge bosons with longitudinal components. The fourth scalar degree of 
freedom remains in the physical spectrum, and it is the CP-even neutral 
Higgs boson of the Standard Model. It is further assumed in the Standard 
Model that the scalar doublet also couples to fermions through Yukawa 
interactions. After electroweak symmetry breaking, these interactions are 
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responsible for the generation of quark and charged lepton masses. 

The global analysis of electroweak observables provides a good fit to 
the Standard Model predictions. Such analyses take the Higgs mass as a 
free parameter. The electroweak observables depend logarithmically on the 
Higgs mass through its one-loop effects. The accuracy of the current data 
(and the reliability of the corresponding theoretical computations) already 
provides a significant constraint on the value of the Higgs mass. In [24], 
the constraints of the global precision electroweak analysis yield a one- 
sided 95% CL upper limit of m hsM < 193 GeV at 95% CL. Meanwhile, 
direct searches for the Higgs mass at LEP achieved a 95% CL limit of 
m hsM > 1 14.4 GeV [25]. 

One can question the significance of these results. After all, the self- 
interacting scalar field is only one model of electroweak symmetry break- 
ing; other approaches, based on different dynamics, are also possible. For 
example, one can introduce new fermions and new forces, in which the Gold- 
stone bosons are a consequence of the strong binding of the new fermion 
fields [26] . Present experimental data does not sufficiently constrain the na- 
ture of the dynamics responsible for electroweak symmetry breaking. Nev- 
ertheless, one can attempt to classify alternative scenarios and study the 
constraints of the global precision electroweak fits and the implications for 
phenomenology at future colliders. Since electroweak symmetry dynamics 
must affect the one-loop corrections to electroweak observables, constraints 
on alternative approaches can be obtained by generalizing the global preci- 
sion electroweak fits to allow for new contributions at one-loop. These enter 
primarily through corrections to the self-energies of the gauge bosons (the 
so-called "oblique" corrections) . Under the assumption that new physics is 
characterized by a mass scale M 3> mz, one can parameterize the lead- 
ing oblique corrections by three constants, S, T, and U, first introduced 
by Peskin and Takeuchi [27]. In almost all theories of electroweak symme- 
try breaking dynamics, U <C S, T, so it is sufficient to consider a global 
electroweak fit in which m/j SM , S and T are free parameters. (The zero of 
the S-T plane must be defined relative to some fixed value of the Higgs 
mass, usually taken to be 100 GeV.) New electroweak symmetry breaking 
dynamics could generate non-zero values of S and T, while allowing for a 
much heavier Higgs mass (or equivalent). Various possibilities have been 
classified by Peskin and Wells [28] , who found that all models in the litera- 
ture allowing a significantly heavier Higgs boson also generate experimental 
signatures of new physics at the TeV scale. At the LC, such new physics 
could be studied either directly by producing new particles or indirectly by 
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improving precision measurements of electroweak observables. 

In this chapter, we mainly consider the case of a light weakly coupled 
Higgs boson, corresponding to the simplest interpretation of the precision 
electroweak data. Nevertheless, this still does not fix the theory of elec- 
troweak symmetry breaking. It is easy to construct extensions of the scalar 
boson dynamics and generate non-minimal Higgs sectors. Such theories can 
contain charged Higgs bosons and neutral Higgs bosons of opposite (or in- 
definite) CP-quantum numbers. Although some theoretical constraints ex- 
ist, there is still considerable freedom in constructing models which satisfy 
all known experimental constraints. Moreover, in most extensions of the 
Standard Model, there exists a large range of parameter space in which 
the properties of the lightest Higgs scalar arc virtually indistinguishable 
from those of the Standard Model Higgs boson. Once the Higgs boson is 
discovered, one of the challenges for experiments at future colliders is to de- 
tect deviations from the properties expected for the Standard Model Higgs 
boson, in order to better constrain the underlying scalar dynamics. 

Although the Standard Model provides a remarkably successful descrip- 
tion of the properties of the quarks, leptons and spin-1 gauge bosons at 
energy scales of 0(100) GeV and below, the Standard Model is not the 
ultimate theory of the fundamental particles and their interactions. At an 
energy scale above the Planck scale, Mpl — 10 19 GeV, quantum gravita- 
tional effects become significant and the Standard Model must be replaced 
by a more fundamental theory that incorporates gravity. Furthermore, on 
theoretical grounds it is very likely that the Standard Model breaks down 
at some energy scale, A. In this case, the Standard Model degrees of free- 
dom are no longer adequate for describing the physics above A and new 
physics must enter. Thus, the Standard Model is not a fundamental theory; 
at best, it is an effective field theory [29]. At energies below the scale A, 
the Standard Model (with higher-dimension operators to parameterize the 
new physics at the scale A) provides an extremely good description of all 
observable phenomena. 

To assess the potential of future experiments, it is essential to ask how 
large A can be. After all, if A is as large as Mpl, it does not matter much 
whether the Standard Model is a fundamental or an effective field theory 
The energy scale A arises when analyzing the scale dependence of the Higgs 
self-coupling and the Higgs-top quark Yukawa coupling, so the value of A 
depends on the Higgs mass mh SM and the top quark mass mt- (Recall that 
m h S M ~ k^ y2 anc ^ m * = where A is the Higgs quartic self-coupling 

and h t is the Higgs-top quark Yukawa coupling.) If m/j SM is too large, then 
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the perturbatively evolved Higgs self-coupling A blows up at some scale 
A [30,31]. If to/j sm is too small (compared to m t ), then the (perturbative) 
Higgs potential develops a second (global) minimum at a large value of the 
scalar field of order A [32]. Thus, new physics must enter at or below A, 
in order that the true minimum of the theory correspond to the observed 
SU(2)xU(l) broken vacuum with v = 246 GeV for scales above A. 

The arguments just given are based on perturbation theory so, taken on 
their own, are not completely persuasive. Once the couplings become strong, 
it is a priori conceivable that a novel, non-perturbative scaling behavior 
would rescue the theory. This possibility has been checked, mostly in an 
approximation neglecting the gauge couplings [30] . Let us consider first the 
case of large Higgs mass (large A), so the Yukawa coupling can be neglected. 
By a number of methods, particularly numerical lattice methods [33,34] and 
strong coupling expansions [35], one finds that non-perturbative renormal- 
ization effects rapidly bring the self-coupling back into the perturbative 
regime. This is the so-called triviality phenomenon: if one starts with finite 
A and tries to take the limit A — > oo, one ends up with a renormalized self- 
coupling A — > 0. A similar phenomenon occurs for large Yukawa couplings. 
In these studies [36] , the vacuum is never unstable (non-perturbatively) . In- 
stead, strong renormalization effects drive the Yukawa coupling back into 
the perturbative regime. 

The non-perturbative studies very much favor a finite A, despite ex- 
haustive attempts [34] to find non-trivial behavior for A — > oo. They also 
justify the use of perturbation theory, because the renormalized self- and 
Yukawa couplings end up being small enough at scales below A. Thus, 
with the perturbative analysis and a given value of A, one can compute 
the minimum and maximum Higgs mass allowed. The results of such an 
analysis (with shaded bands indicating the theoretical uncertainty of the 
result) are illustrated in fig. 1 [31,37]. From the upper bound one sees that 
if A - 10 3 GeV = 1 TeV, then m hsM < 800 GeV. If A is more remote, say 
A > 10 6 GeV, then m hsM < 300 GeV. 

In the Higgs mass range 130 GeV < m/, SM < 180 GeV, it seems that 
an effective Standard Model could survive all the way to the Planck scale. 1 
However, such a possibility seems unlikely, based on the following "natural- 
ness" argument [39]. In an effective field theory, masses and dimensionless 

lr The constraint on A due to vacuum stability in fig. 1 can be relaxed somewhat if one 
allows for the electroweak vacuum to be metastable, with a lifetime greater than the age 
of the universe. The analysis of [38] finds that for a sufficiently long-lived electroweak 
vacuum, the Higgs mass lower limit of 130 GeV just quoted is reduced to about 115 GeV. 
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Fig. 1: The upper [30,31] and the lower [32] Higgs mass bounds as a function of 
the energy scale A at which the Standard Model breaks down, assuming mt = 
175 GeV and a s (mz) = 0.118. The shaded areas above reflect the theoretical 
uncertainties in the calculations of the Higgs mass bounds From [37] . 

couplings are calculable in terms of parameters of a more fundamental the- 
ory that describes physics at the energy scale A. All low-energy couplings 
and fermion masses are logarithmically sensitive to A. In contrast, scalar 
squared-masses are quadratically sensitive to A. The Higgs mass (at one- 
loop) has the following heuristic form: 

ml = (ml) + ^A 2 , (1) 

where {m\) is a parameter of the fundamental theory and c is a con- 
stant, presumably of 0(1), that depends on the physics near the scale A. 
The "natural" value for the scalar squared-mass is g 2 A 2 /167r 2 . Thus, the 
expectation for A is 

A ~ ^± ~ Oil TcV) . (2) 
9 

If A is significantly larger than 1 TeV then the only way for the Higgs 
mass to be of order the scale of electroweak symmetry breaking is to have 
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an "unnatural" cancellation between the two terms of eq. (1). This seems 
highly unlikely given that the two terms of eq. (1) have completely different 
origins. 

An attractive theoretical framework that incorporates weakly coupled 
Higgs bosons and satisfies the constraint of eq. (2) is that of "low-energy" 
or "weak-scale" supersymmetry [40,41]. In this framework, supersymmetry 
is used to relate fermion and boson masses and interaction strengths. Since 
fermion masses are only logarithmically sensitive to A, boson masses will 
exhibit the same logarithmic sensitivity if supersymmetry is exact. Since no 
supersymmetric partners of Standard Model particles have yet been found, 
supersymmetry cannot be an exact symmetry of nature. Thus, A should 
be identified with the supersymmetry breaking scale. The naturalness con- 
straint of eq. (2) is still relevant. It implies that the scale of supersymmetry 
breaking should not be much larger than 1 TcV, to preserve the natural- 
ness of scalar masses. The supersymmetric extension of the Standard Model 
would then replace the Standard Model as the effective field theory of the 
TeV scale. 

One advantage of the supersymmetric approach is that the effective low- 
energy supersymmetric theory can be valid all the way up to the Planck 
scale, while still being natural. The unification of the three gauge couplings 
at an energy scale close to the Planck scale, which does not occur in the 
Standard Model, is seen to occur in the minimal supersymmetric extension 
of the Standard Model [23] , and provides an additional motivation for seri- 
ously considering the low-energy supersymmetric framework. However, the 
fundamental origin of supersymmetry breaking is not known at present. 
Without a fundamental theory of supersymmetry breaking, one ends up 
with an effective low-energy theory characterized by over 100 unknown pa- 
rameters that in principle would have to be measured by experiment. This 
remains one of the main stumbling blocks for creating a truly predictive su- 
persymmetric model of fundamental particles and their interactions. Never- 
theless, the Higgs sectors of the simplest supersymmetric models are quite 
strongly constrained and exhibit very specific phenomenological profiles. 

3. The Standard Model Higgs boson — theory 

In the Standard Model, the Higgs mass, ml = \\v 2 , depends on 
the Higgs self-coupling A. Since A is unknown at present, the value of the 
SM Higgs mass is not predicted, although other theoretical considerations 
(discussed in Section 2) place constraints on the Higgs mass, as exhibited 
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in fig. 1. The Higgs couplings to fermions [gauge bosons] are proportional 
to the corresponding particle masses [squared-masses] . As a result, Higgs 
phenomenology is governed primarily by the couplings of the Higgs boson 
to the W ± and Z and the third-generation quarks and leptons. Two-loop- 
induced Higgs couplings are also phenomcnologically important: the /ism$<? 
coupling (g is the gluon), which is induced by the one-loop graph in which 
the Higgs boson couples to a virtual tt pair, and the /ism77 coupling, for 
which the W + W~ loop contribution is dominant. Further details of the SM 
Higgs boson properties are given in [1] . 



3.1. Standard Model Higgs boson decay modes 

The Higgs boson mass is the only unknown parameter in the Standard 
Model. Thus, one can compute Higgs boson branching ratios and production 
cross sections as a function of mh sm . The branching ratios for the dominant 
decay modes of a Standard Model Higgs boson are shown as a function of 
Higgs boson mass in fig. 2. Note that subdominant channels are important 
to establish a complete phenomenological profile of the Higgs boson, and to 
check consistency (or look for departures from) Standard Model predictions. 
For 115 GeV <~ rrih SM ^ 2mw many decays modes are large enough to 
measure, as discussed in Section 9. 




Fig. 2: Branching ratios of the dominant decay modes of the Standard Model 
Higgs boson. These results have been obtained with the program HDECAY [42], 
and include QCD corrections beyond the leading order. 
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For mh SM 135 GeV, the main Higgs decay mode is hsM — * bb, while 
the decays hsM ~~ * t + t~ and cc can also be phcnomenologically relevant. 
In addition, although one-loop suppressed, the decay /ism — > 99 is compet- 
itive with other decays for m hsM < 2mw because of the large top Yukawa 
coupling and the color factor. As the Higgs mass increases above 135 GeV, 
the branching ratio to vector boson pairs becomes dominant. In particular, 
the main Higgs decay mode is hsM — > WW^*\ where one of the TV's must 
be off-shell (indicated by the star superscript) if m/j SM < 2mw- For Higgs 
bosons with m/j SM > 2m t , the decay Iism — » begins to increase until it 
reaches its maximal value of about 20%. 

Rare Higgs decay modes can also play an important role. The one- 
loop decay hsM — > 77 is a suppressed mode. For mw m h SM ^^Wi 
BR(/igM — * 77) is above 10 -3 . This decay channel provides an important 
Higgs discovery mode at the LHC for 100 GeV < m hsM < 150 GeV. At the 
LC, the direct observation of hsM — * 77 is also possible in ZHsm production 
despite its suppressed branching ratio. The partial width T(h° — > 77) is also 
significant in that it governs the Higgs production rate at a 77 collider. 

3.2. Standard Model Higgs boson production at the LC 

In the Standard Model there are two main processes to produce the 
Higgs boson in e + e~ annihilation. These processes are also relevant in many 
extensions of the Standard Model, particularly near the decoupling limit, in 
which the lightest CP-even Higgs boson possesses properties nearly identical 
to those of the SM Higgs boson. In the "Higgsstrahlung" process, a virtual 
Z boson decays to an on-shell Z and the hsM, as depicted in fig. 3(a). 




Fig. 3: Main production processes for Higgs production in e + e annihilation, 
(a) Higgsstrahlung. (b) WW fusion. 
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Fig. 4: Cross sections for Higgsstrahlung (e + e~ — > ZhgM) an d Higgs production 
via W + W~ fusion (e + e~ — > ^77/i SM ) and ZZ fusion (e + e~ — > e + e~ftgM) as a 
function of fn^ SM for two center-of-mass energies, y/s = 500 and 800 GeV [5]. 

The cross section for Higgsstrahlung rises sharply at threshold to a 
maximum a few tens of GeV above nih + mz, and then falls off as s _1 , as 
shown in fig. 4. The associated production of the Z provides an important 
trigger for Higgsstrahlung events. In particular, in some theories beyond the 
Standard Model, the Higgs boson decays into invisible modes, in which case 
the ability to reconstruct the Higgs boson mass peak in the spectrum of the 
missing mass recoiling against the Z will be crucial. The other production 
process is called "vector boson fusion", where the incoming e + and e~ 
each emit a virtual vector boson, followed by vector boson fusion to the 
hsM- Fig- 3(b) depicts the W + W~ fusion process. Similarly, the ZZ fusion 
process corresponds to e + e~ — ► e + e~hsM- In contrast to Higgsstrahlung, 
the vector boson fusion cross section grows as In s, and thus is the dominant 
Higgs production mechanism for ^fs ^> m/j SM . The cross section for WW 
fusion is about ten times larger than that for ZZ fusion. Nevertheless, the 
latter provides complementary information on the ZZHsm vertex. Note that 
at an e~e~ collider, the Higgsstrahlung and W + W~ fusion processes are 
absent, so that ZZ fusion is the dominant Higgs production process [43]. 
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Fig. 5: Cross-sections for e + e~ — > tihsM in fb f° r three choices of center-of-mass 
energy. The dashed lines correspond to the tree-level result [44], and the solid 
lines include the next-to-leading order QCD corrections [45]. 

Other relevant processes for producing Higgs bosons are associated 
production with a fermion-antifermion pair, and multi-Higgs production. 
Among production mechanisms of the former class, only e + e~ — > tihsM 
has a significant cross section, around the femtobarn level in the Standard 
Model, as depicted in fig. 5. As a result, if m/j SM is small enough (or y/s is 
large enough) , this process can be used for determining the Higgs-top quark 
Yukawa coupling. The cross section for double Higgs production (e + e~ — > 
ZhsMhsM) is even smaller, of order 0.1 fb for 100 GeV < rrih su £ 150 GeV 
and y/s ranging between 500 GeV and 1 TeV. With sufficient luminosity, 
the latter can be used for extracting the triple Higgs self-coupling. 

At the 77 collider, a Higgs boson is produced as an s-channel resonance 
via the one-loop triangle diagram. Every charged particle whose mass is 
generated by the Higgs boson contributes to this process. In the Standard 
Model, the main contributors are the and the i-quark loops. See Sec- 
tion 11 for further discussion. 
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4. SM Higgs searches before the linear collider 

4.1. Direct search limits from LEP 

The LEP collider completed its final run in 2000, and presented tantaliz- 
ing hints for the possible observation of the Higgs boson. The combined data 
from all four LEP collaborations exhibits a slight preference for the signal 
plus background hypothesis for a Standard Model Higgs boson mass in the 
vicinity of 116 GeV, as compared to the background only hypothesis [25]. 
However, the excess over the expected background was not sufficiently sig- 
nificant to support a claim of discovery or even an "observation" of evidence 
for the Higgs boson. A more conservative interpretation of the data yields 
a 95% CL lower limit of m hsM > 114 .4 GeV. 

4.2. Implications of precision electroweak measurements 

Indirect constraints on the Higgs boson mass within the SM can be 
obtained from confronting the SM predictions with results of electroweak 
precision measurements. In the case of the top quark mass, the indirect 
determination turned out to be in remarkable agreement with the actual 
experimental value [24]. In comparison, to obtain constraints on mh SM of 
similar precision, much higher accuracy is required for both the experimen- 
tal results and the theory predictions. This is due to the fact that the leading 
dependence of the precision observables on mh SM is only logarithmic, while 
the dominant effects of the top-quark mass enter quadratically. 

Fig. 6(a) shows the currently most precise result for mw as function of 
rrih SM in the SM, and compares it with the present experimental value of 
mw- The calculation incorporates the complete electroweak fermion-loop 
contributions at 0(a 2 ) [46]. Based on this result, the remaining theoretical 
uncertainty from unknown higher-order corrections has been estimated to 
be about 6 MeV [46]. This is about a factor five smaller than the uncer- 
tainty induced by the current experimental error on the top-quark mass, 
Arri( Xp = ±5.1 GeV, which presently dominates the theoretical uncer- 
tainty. Fig. 6(b) shows the prospective situation at a future e + e _ linear 
collider after the Giga-Z operation and a threshold measurement of the 
W mass (keeping the present experimental central values for simplicity), 
which are expected to reduce the experimental errors to Am' w p = 6 MeV 
and Atoj XP = 200 MeV. The plot clearly shows a considerable improvement 
in the sensitivity to m/j SM achievable at the LC via very precise measure- 
ments of mw and mt ■ Since furthermore the experimental error of sin 2 9 e e 
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Fig. 6: The prediction for rayy as a function of m hsM is compared with the 
experimental value of rayy (a) for the current experimental accuracies of m^y 
and mt , and (b) for the prospective future accuracies at the LC with the Giga-Z 
option and a precise W threshold scan, assuming the present experimental central 
values [46]. The present experimental 95% CL lower bound on the Higgs-boson 
mass, m^ SM = 114.4 GeV, is indicated in (a) by the vertical dashed line. 

is expected to be reduced by almost a factor of 20 at Giga-Z, the accuracy 
in the indirect determination of the Higgs-boson mass from all data will 
improve by about a factor of 10 compared to the present situation [21]. 

4.3. Expectations for Tevatron searches 

The upgraded Tevatron began taking data in the spring of 2001. This 
is the only collider at which the Higgs boson can be produced until the 
LHC begins operation in 2007. The Tevatron Higgs Working Group [47] 
presented a detailed analysis of the Higgs discovery reach at the up- 
graded Tevatron. Here, we summarize the main results. Two Higgs mass 
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ranges were considered separately: (i) 100 GeV< mh SM ^ 135 GeV and 
(ii) 135 GeV< m/j SM < 190 GeV, corresponding to the two different 
dominant Higgs decay modes: Hsm — » bb for the lighter mass range and 
hsM — * WW^ for the heavier mass range. 

In mass range (i), the relevant production mechanisms are q(q^ — > VTism, 
where V = W or Z. In all cases, the dominant h SM — » 66 decay was 
employed. The most relevant final-state signatures correspond to events 
in which the vector boson decays leptonically (W — > Z — ► and 
Z — > i/F, where £ = e or /x), resulting in Ivbb, vvbb and £ + l~bb final states. 
In mass range (ii), the relevant production mechanisms include gg — ► /ism, 
-» ft SM and gr^. -» y/i SM , with decays h SM WW ( *\ ZZ { *\ The 
most relevant phenomenological signals are those in which two of the final- 
state vector bosons decay leptonically, resulting in t + i~vV or i^i^jjX, 
where j is a hadronic jet and X consists of two additional leptons (either 
charged or neutral). For example, the latter can arise from WhsM produc- 
tion followed by hsM — * V^VF^*-*, where the two like-sign W bosons decay 
leptonically, and the third W decays into hadronic jets. In this case X is a 
pair of neutrinos. 

Fig. 7 summarizes the Higgs discovery reach versus the total integrated 
luminosity delivered to the Tevatron (and by assumption, delivered to each 
detector). As the plot shows, the required integrated luminosity increases 
rapidly with Higgs mass to 140 GeV, beyond which the high-mass channels 
play the dominant role. With 2 fb _1 per detector, the 95% CL limits will 
barely extend the expected LEP limits, but with 10 fb _1 , the SM Higgs 
boson can be excluded up to 180 GeV if the Higgs boson does not exist in 
that mass range. 

With further machine improvements, the Tevatron may provide a total 
integrated luminosity as high as 15 fb _1 before the LHC starts to yield 
significant results. If such an integrated luminosity could be reached and if 
m/j SM ~ 115 GeV, then the Tevatron experiments will be able to achieve a 
5cr discovery of the Higgs boson. If no Higgs events are detected, the LEP 
limits will be significantly extended, with a 95% CL exclusion possible up 
to about m,h SM — 185 GeV. 2 Moreover, evidence for a Higgs boson at the 
3a level could be achieved up to about m/j SM ~ 175 GeV. 

Evidence for or discovery of a Higgs boson at the Tevatron would be a 
landmark in high energy physics. However, even if a Higgs boson is seen, the 

2 The Higgs mass region around 140 GeV might require more luminosity, depending on the 
magnitude of systematic errors due to uncertainties in 6-tagging efficiency, background 
rate, the bb mass resolution, etc. 
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Higgs mass (GeV/c 2 ) 

Fig. 7: The integrated luminosity required per experiment, to either exclude a SM 
Higgs boson at 95% CL or discover it at the 3a or 5<r level, as a function of the 
Higgs mass. These results are based on the combined statistical power of both 
experiments. The curves shown are obtained by combining the Ivbb, vvbb and 
' i~bb channels using the neural network selection in the low-mass Higgs region 
(90 GeV & m hsM <; 135 GeV), and the i ± £ ± jjX and t+£~vV channels in the 
high-mass Higgs region (135 GeV < ni/ lSM < 190 GeV). The lower edge of the 
bands is the calculated threshold; the bands extend upward from these nominal 
thresholds by 30% as an indication of the uncertainties in 6-tagging efficiency, 
background rate, mass resolution, and other effects. Taken from [47]. 

Tevatron data would only provide a very rough phenomenological profile 
of the Higgs boson. In contrast, the LHC and the LC (the latter with 
greater precision) could measure enough of its properties to verify that the 
interactions of the Higgs boson provide the dynamics responsible for the 
generation of mass for the vector bosons, quarks and charged leptons. 

4.4. Expectations for LHC searches 

At the LHC, the ATLAS and CMS detectors have been specifically de- 
signed to guarantee observation of a SM Higgs boson, regardless of its mass 
(below about 1 TeV). The most important production processes for the 
hsM are the gluon fusion process, gg — > /ism, and the vector boson fusion 



20 



J.F. Gunion, H.E. Haber and R. Van Kooten 



a 



Z 10 

B 



10 



H -> 77 + WH,ttH (H 
ttH(H -> bb) 
H > ZZ<*> -> 41 
H -4 WW**> -4 Mv 
H -> ZZ -> llvv 
H -4 WW -4 lvjj 
— Total significance 



77) 




ATLAS 

1l dt = 100 rb _i 
(no K-factors) 



10 



10 

m H (GeV) 



Fig. 8: Statistical significance levels as a function of the Higgs mass for the ATLAS 
experiment at the LHC, assuming an integrated luminosity of 100 fb _1 . Taken 
from [48]. 

process, WW — > /ism- In particular, for m^ SM ^ 130 GeV the important 
discovery modes are gg,WW — > /ism — * 77, t + t _ . At high luminosity, 
qiq.j — > W /± /ism and 55 — > tthsM with /ism — > 77 and /ism — * 66 should also 
be visible. For m,h SM > 130 GeV, gg — > /ism — » ZZ^ — > 4£ is extremely 
robust except for the small mass region with to/i sm just above 2mw in 
which hsM — > VFVF is allowed and BR(/ism — * ZZ*) drops sharply. In 
this region, gg, WW —> h SM — ► WW — > provides a strong Higgs sig- 
nal. For m hsM > 300-400 GeV, the final states h SM — ► WW — > lvjj and 
/ism - * ZZ — ► where the /ism is produced by a combination of gg 

and WW fusion, provide excellent discovery channels for Higgs masses up 
to about 1 TeV {i.e., well beyond the rrih sm ~ 800 GeV limit of viability for 
the hsM — ► 4£ mode). These results are summarized in fig. 8, from which 
we observe that the net statistical significance for the /ism, after combin- 
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Fig. 9: Relative accuracy expected at the LHC with 200 fb -1 of data for (a) var- 
ious ratios of Higgs boson partial widths and (b) the indirect determination of 
partial and total widths. Expectations for width ratios assume W, Z universality; 
indirect width measurements also assume b, r universality and a small branching 
ratio for unobserved modes. Taken from the parton-level analysis of [53]. 



ing channels, exceeds 10cr for all m^ SM > 80 GeV, assuming accumulated 
luminosity of L = 100 fb -1 at the ATLAS detector [48]. Similar results 
are obtained by the CMS collaboration [49,50], with the /ism77 discovery 
mode even more prominent for mh SM 150 GeV. 

Precision measurements for a certain number of quantities will be pos- 
sible, depending upon the exact value of rrih SM - For example, in [51] it is 
estimated that m^ SM can be measured to < 0.1% for mh su < 400 GeV 
and to 0.1-1% for 400 < m hsu < 700 GeV. Using the M final state, TJ ism 
can be determined for rrih SM }t 250 GeV from the shape of the 4£ mass 
peak. Various ratios of branching ratios and a selection of cross sections 
times branching ratios can be measured in any given mass region. Some 
early estimates of possibilities and achievable accuracies appear in [2]. A 
more recent, but rather optimistic parton-level theoretical study [52,53] (see 
fig. 9) finds that if rrih SM 200 GeV then good accuracies can be achieved 
for many absolute partial widths and for the total width provided: (a) WW 
fusion production can be reliably separated from gg fusion; (b) the WW/ZZ 
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coupling ratio is as expected in the SM from the SU(2)xU(l) symmetry; 

(c) the WW* final state can be observed in both gg and WW fusion; and 

(d) there are no unexpected decays of the hsM- Errors estimated in this way 
for L = 200 fb _1 of accumulated data are given in fig. 9. However, errors 
found in recent ATLAS studies of a few of these channels are substantially 
larger [54]. For example, for L = 300 ftr 1 ATLAS finds that the smallest 
error on T T /Tw is achieved for mh SM ~ 130 GeV and is of order ±27% 
(as compared to the ±11% of fig. 9) and that the error rises rapidly for 
m/j SM away from 130 GeV, reaching ±60% for m/j SM = 150 GeV. Invisible 
Higgs decays have also been addressed in the theoretical work [55]; CMS 
simulations show some promise for this channel. 

5. Higgs bosons in low-energy supersymmetry 

The Higgs sector of the MSSM, the simplest realistic model of low- 
energy supersymmetry, consists of the two-Higgs-doublet extension of the 
Standard Model plus the corresponding superpartners. Two Higgs dou- 
blets, one with Y = ±1 and one with Y — — 1, arc needed in order that 
gauge anomalies due to the higgsino superpartners are exactly canceled. In 
particular, the Higgs sector contains eight scalar degrees of freedom: one 
complex Y = — 1 doublet, <fr<2= ( < E > 2, c E > d) and one complex Y = +1 dou- 
blet, ($+, $°). This notation reflects the fact that in the MSSM, the 
interaction Lagrangian that describes the Higgs couplings to fermions is 
constrained by supersymmetry and obeys the following property: <I>2 cou- 
ples exclusively to down-type fermion pairs and $° couples exclusively to 
up- type fermion pairs. This pattern of Higgs- fermion couplings defines the 
Type-II two-Higgs-doublet model [56,57]. 

When the Higgs potential is minimized, the neutral components of the 
Higgs fields acquire vacuum expectation values 3 ($2) = V d/V% and ($°) = 
v u /y/2, where the normalization has been chosen such that v 2 = v\ + v\ = 
(246 GeV) 2 . The ratio of vacuum expectation values is denoted by 

tan/3 = v u /v d . (3) 

The physical Higgs spectrum consists of a charged Higgs pair 

= $^sin/3 + $±cos/3, (4) 

3 The phases of the Higgs fields can be chosen such that the vacuum expectation values 
are real and positive. That is, the tree-level MSSM Higgs sector conserves CP, which 
implies that the neutral Higgs mass eigenstates possess definite CP quantum numbers. 
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one CP-odd scalar 



A° = V2 (Im $2 sin + Im $° cos /3) 



(5) 



and two CP-even scalars: 



h° = -(V2Re<£>° d - v d )sina + (V2Rc$° - u„)cosa 
H° = (V2Rc<f> d -v d )cosa+ (V2Rc$° - v u )sma, 



(6) 



(with m^o < m H a ). The angle a arises when the CP-even Higgs squared- 
mass matrix (in the <E>° — basis) is diagonalizcd to obtain the physical 
CP-even Higgs states. The Goldstone bosons, and G°, which arc or- 
thogonal to -ff ± and A respectively, provide the longitudinal components 
of the massive and Z via the Higgs mechanism. 

In two-Higgs-doublet models with Type-II Higgs-fermion couplings, the 
Y = — 1 Higgs doublet generates mass for "up" -type quarks and the Y = +1 
Higgs doublet generates mass for "down" -type quarks (and charged leptons) 
[58,59]. The tree-level relations between the quark masses and the Higgs- 
fermion Yukawa couplings (using 3rd family notation) are given by: 



Radiative corrections to these relations will be examined in Section 5.2. 

At this stage, tan/3 is a free parameter of the model. However, theo- 
retical considerations suggest that tan/3 cannot be too small or too large. 
The crudest bounds arise from unitarity constraints. If tan/3 becomes too 
small, then the Higgs coupling to top quarks becomes strong and the tree- 
unitarity of processes involving the Higgs-top quark Yukawa coupling is 
violated. A rough lower bound advocated by [60], tan/3 > 0.3, corresponds 
to a value of ht in the perturbative region. A similar argument involving 
hb would yield tan/3 < 120. A more restrictive theoretical constraint is 
based on the requirement that Higgs-fermion Yukawa couplings, h t and 
hb, remain finite when running from the electroweak scale to some large 
energy scale A, above which new physics enters. The limits on tan /3 de- 
pend on the choice of A. Integrating the Yukawa coupling renormalization 
group equations from the electroweak scale to A (allowing for the possible 
existence of a supersymmetry-breaking scale, mz < Msusy < A), one can 
determine the range of tan/3 for which h t and hb remain finite. This exer- 
cise has been carried out at two-loops in [61]. Suppose that the low-energy 




(7) 



(8) 
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theory at the electroweak scale is the MSSM, and that there is no addi- 
tional new physics below the grand unification scale of A = 2 x 10 16 GeV. 
Then, for m t = 175 GeV, the Higgs-fermion Yukawa couplings remain 
finite at all energy scales below A if 1.5 < tan/3 < 65. Note that this 
result is consistent with the scenario of radiative electroweak symmetry 
breaking in low-energy supcrsymmetry based on supergravity, which re- 
quires that 1 < tan/3 < nit/mi,. 4 Thus, we expect tan/3 to lie in the range 
1 < tan/3 < 55. 5 

5.1. MSSM Higgs sector at tree level 

The supersymmetric structure of the theory imposes constraints on the 
Higgs sector of the model. As a result, all Higgs sector parameters at tree 
level are determined by two free parameters: tan/3 and one Higgs mass, 
conveniently chosen to be m A o . In particular, 

m 2 H± = m 2 A0 + mlv , (9) 

and the CP-even Higgs bosons h° and H° are eigenstates of the following 
squared- mass matrix (with respect to the Re $°-Re $° basis): 

^ 2 / m A0 sin 2 j3 + m| cos 2 (3 — (m Aa + m 2 z ) sin /3 cos /3 \ ^ 

° y — (m A „ + m|) sin /3 cos /3 m A0 cos 2 (3 + m| sin 2 /3 J 

The eigenvalues of A4 2 , are the tree- level squared- masses of the two CP-even 
Higgs scalars 

m H°.h° = \ (™A° +m 2 z ± yj (m 2 A „ + m|) 2 - 4m|m^ cos 2 2/3 , (11) 

Note that eq. (11) yields an upper bound to the tree- level mass of the light 
CP-even Higgs boson: m 2 ^ < m 2 z \ cos2;9| < m 2 z . Radiative corrections can 
significantly increase this upper bound by as much as 50% as described in 
Section 5.2. Nevertheless, it is already apparent that the MSSM favors a 
CP-even Higgs boson whose mass is not much larger than mz,a result that 
is consistent with the inferred Higgs mass limit from precision electroweak 
measurements discussed in Section 2. 

From the above results, one also obtains: 

cos 2 (/3- a) = (12) 
m 2 A „(m 2 Ha -m 2 „) 



4 Here, the quark masses are evaluated at mz- We take mt(mz) ~ 165 GeV and 
mb( m z) — 3 GeV. 

5 The lower bound on tan (i can be taken to be tan (3 J> 2.4, based on the LEP MSSM 
Higgs search discussed in Section 6.1. 
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where a is the angle that diagonalizes the CP-even Higgs squared-mass 
matrix [see eq. (6)]. In the convention where tan/3 is positive (i.e., < (3 < 
7r/2), the angle a lies in the range — ir/2 < a < 0. 

The limit of m A a 3> mz is of particular interest. The expressions for 
the Higgs masses and mixing angle simplify in this limit and one finds 



Two consequences are immediately apparent. First, m A a ~ m H o ~ m H ±, 
up to corrections of 0(m 2 z /m A a). Second, cos(/3 — a) = up to corrections 
of O(m 2 z /m 2 A0 ). This is the decoupling limit [22,62] because when m A o is 
large, the effective low-energy theory below the scale of m A o contains a 
single CP-even Higgs boson, h°, whose properties are nearly identical to 
those of the Standard Model Higgs boson, Hsm- 

The phenomenology of the Higgs sector is determined by the various 
couplings of the Higgs bosons to gauge bosons, Higgs bosons and fermions. 
The couplings of the two CP-even Higgs bosons to W and Z pairs are given 
in terms of the angles a and [5 by 

9h°vv = 9v m v sin (P ~ a ) . 9h°vv = 9v m v cos (0 ~ a ) > ( 17 ) 

where g v = 2ray jv for V = W or Z. There are no tree-level couplings of 
A or H ± to VV. The couplings of one gauge boson to two neutral Higgs 
bosons are given by: 



m h o — m 2 z cos 2 2/3 , 
m 2 H o — m 2 A o + m% sin 2 2/3 
m 2 H ± = m 2 A o + , 



(13) 
(14) 
(15) 




(16) 



9h°A°z — 



gcos((3 — a) 
2 cos 0w 



9h°a°z = 



<?sin(/3 — a) 
2 cos 9w 



(18) 



As noted earlier, the pattern of Higgs-fermion couplings in the MSSM 
are those of the Type-II two-Higgs-doublet model [56,57]. The couplings 
of the neutral Higgs bosons to // relative to the Standard Model value, 
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grrif /2mw, are given by 
h°bb (or h°T+T-) : 

h°tt: 

H°bb {or H°t+t-) : 
H°tt: 



sin a 

cos/3 
cos a 
sin/3 
cos a 
cos (3 
sin a 



= sin(/3 — a) — tan/3cos(/3 — a) , 
= sin(/3 — a) + cot /3 cos(/3 — a) , 
= cos(/3 — a) + tan/3sin(/3 — a) , 
= cos(/3 — a) — cot /3 sin(/3 — a) , 



sin/3 
75 tan (3 , 

75 cot /3, (19) 

(the 75 indicates a pseudoscalar coupling), and the charged Higgs boson 
couplings to fermion pairs (with all particles pointing into the vertex) are 
given by 

9 



9H-tb ~ 



9h 



V2mw 
9 



rut cot /3 Pr + nib tan (3 Pl 
m T tan /3 Pl 



(20) 



\/2mw 

where Pr,l = |(1 ±75) are the right and left-handed projection operators, 
respectively. 

The neutral Higgs couplings to fermion pairs [eq. (19)] have been written 
in such a way that their behavior can be immediately ascertained in the 
decoupling limit {m A o ^> mz) by setting cos(/3 — a) = 0. In particular, in 
the decoupling limit, the couplings of h° to vector bosons and fermion pairs 
are equal to the corresponding couplings of the SM Higgs boson. 

The region of MSSM Higgs sector parameter space in which the decou- 
pling limit applies is large, because cos(/3 — a) approaches zero quite rapidly 
once ttiao is larger than about 200 GeV, as shown in fig. 10. As a result, 
over a significant region of the MSSM parameter space, the search for the 
lightest CP-even Higgs boson of the MSSM is equivalent to the search for 
the Standard Model Higgs boson. 



5.2. The radiatively corrected MSSM Higgs sector 

When one-loop radiative corrections are incorporated, the Higgs masses 
and couplings depend on additional parameters of the supersymmetric 
model that enter via the virtual loops. One of the most striking effects 
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Fig. 10: The value ol cos 2 (/3 — a) is shown as a lunction ol m^o for two choices 
of tan/3 = 3 and tan/3 = 30. When radiative-corrections are included, one can 
define an approximate loop-corrected angle a as a function of m^o, tan/3 and 
the MSSM parameters. In the figures above, we have incorporated radiative cor- 
rections, assuming that the top-squark masses are given by Mstjsy = 1 TeV. 
In addition, two extreme cases for the squark mixing parameters are shown (see 
Section 5.2 for further discussion of the radiative corrections and their depen- 
dence on the supersymmetric parameters). The decoupling effect expected from 
eq. (16), in which cos 2 (/3 — a) oc m z /m\o for m^o >• mz, continues to hold even 
when radiative corrections are included. 
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of the radiative corrections to the MSSM Higgs sector is the modification 
of the upper bound of the light CP-even Higgs mass, as first noted in [63]. 
When tan/3 » 1 and rn^o ^> mz, the tree-level prediction of m h o = mz 
corresponds to the theoretical upper bound for m h a. Including radiative 
corrections, this theoretical upper bound is increased, primarily because of 
an incomplete cancellation of the top-quark and top-squark (stop) loops. 
(These contributions would cancel if supersymmetry were exact.) The rel- 
evant parameters that govern the stop sector are the average of the two 
stop squared- masses: M| USY = |(M~ +-^f 2 )> an d the off-diagonal element 
of the stop squared-mass matrix: mtX t = m t {A t — ficotp), where A t is 
a soft supersymmetry-breaking trilinear scalar interaction term, and is 
the supersymmctric Higgs mass parameter. The qualitative behavior of the 
radiative corrections can be most easily seen in the large top squark mass 
limit, where, in addition, the splitting of the two diagonal entries and the 
off-diagonal entry of the stop squared-mass matrix are both small in com- 
parison to M| USY . In this case, the upper bound on the lightest CP-even 
Higgs mass is approximately given by 



More complete treatments of the radiative corrections include the effects of 
stop mixing, renormalization group improvement, and the leading two- loop 
contributions, and imply that these corrections somewhat overestimate the 
true upper bound of m h o (sec [64] for the most recent results). Nevertheless, 
eq. (21) correctly illustrates some noteworthy features of the more precise 
result. First, the increase of the light CP-even Higgs mass bound beyond 
mz can be significant due to the mf enhancement of the one-loop radiative 
correction. Second, the dependence of the light Higgs mass on the stop 
mixing parameter X t implies that (for a given value of Msusy) the upper 
bound of the light Higgs mass initially increases with X t and reaches its 
maximal value at X t ~ v^Msusy- This point is referred to as the maximal 
mixing case (whereas X t = is called the minimal mixing case) . 

Taking m^o large, fig. 11 illustrates that the maximal value of the light- 
est CP-even Higgs mass bound is realized in the case of maximal mix- 
ing at large tan (3. Allowing for the uncertainty in the measured value of 
m t and the uncertainty inherent in the theoretical analysis, one finds for 
M SU sY ^ 2 TcV that m h a £ m™ ax , where 




(21) 



max 



122 GeV, minimal stop mixing, 
135 GeV, maximal stop mixing. 



max 



(22) 
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Fig. 11: The radiatively corrected light CP-even Higgs mass is plotted as a func- 
tion of tan /3, for the maximal mixing [upper band] and minimal mixing cases. 
The impact of the top quark mass is exhibited by the shaded bands; the central 
value corresponds to mt = 175 GeV, while the upper [lower] edge of the bands 
correspond to increasing [decreasing] mt by 5 GeV. 

The h° mass bound in the MSSM quoted above does not apply to 
non-minimal supersymmetric extensions of the Standard Model. If addi- 
tional Higgs singlet and/or triplet fields are introduced, then new Higgs 
self-coupling parameters appear, which are not significantly constrained by 
present data. For example, in the simplest non-minimal supersymmetric ex- 
tension of the Standard Model (NMSSM) , the addition of a complex Higgs 
singlet field S adds a new Higgs self-coupling parameter, As [65]. The mass 
of the lightest neutral Higgs boson can be raised arbitrarily by increasing 
the value of As, analogous to the behavior of the Higgs mass in the Standard 
Model. Under the assumption that all couplings stay perturbative up to the 
Planck scale, one finds in nearly all cases that m^o < 200 GeV, independent 
of the details of the low-energy supersymmetric model [66] . Moreover, if the 
perturbative unification scale is significantly lower than the Planck scale, 
then the lower bound on the Higgs mass can be substantially larger [67]. 

Radiative corrections also modify the tree-level expressions for mjyo and 
m H ± [eqs. (11) and (9)]. However, since m#o ~ m H ± ~ m^o when m^o 3> 
in z , the impact of the radiative corrections on the heavier Higgs masses 
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Fig. 12: Lightest CP-even Higgs mass (m h o ), heaviest CP-even Higgs mass (m H o ) 
and charged Higgs mass (mjj± ) as a function of m A o for two choices of tan f) = 3 
and tan f3 — 30. The slight increase in the charged Higgs mass as tan (5 is increased 
from 3 to 30 is a consequence of the radiative corrections. 



is less pronounced that those described above. In fig. 12, we exhibit the 
masses of the CP-even neutral and the charged Higgs masses as a function 
of m A o. Note that m H a > m™ ax for all values of m A a and tan/3, where 
m max j g tQ k e eva i ua ted depending on the top-squark mixing, as indicated 
in eq. (22). 

Radiative corrections also significantly modify the tree-level values of 
the Higgs boson couplings to fermion pairs and to vector boson pairs. As 
discussed above, the tree-level Higgs couplings depend crucially on the value 
of cos(/3 — a). In the first approximation, when radiative corrections of 
the Higgs squared-mass matrix are computed, the diagonalizing angle a is 
modified. This provides one important source of the radiative corrections of 
the Higgs couplings. In fig. 10, we show the effect of radiative corrections on 
the value of cos(/3 — a) as a function of m^o for different values of the squark 
mixing parameters and tan (3. One can then insert the radiatively corrected 
value of a into eqs. (17)— (19) to obtain radiatively improved couplings of 
Higgs bosons to vector bosons and to fermions. 

At large tan (3, there is another potentially important class of radiative 
corrections in addition to those that enter through the modified value of a. 
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These corrections arise in the relation between nib and tan/3 and depend 
on the details of the MSSM spectrum (which enter via loop-effects). At tree 
level, the Higgs couplings to bb are proportional to the Higgs-bottom-quark 
Yukawa coupling, h b - Deviations from the tree- level relation between ht and 
m b [eq. (7)] due to radiative corrections are calculable and finite [68-72]. 
One of the fascinating properties of such corrections is that in certain cases 
the corrections do not vanish in the limit of large supersymmetric mass pa- 
rameters. These corrections grow with tan/3 and therefore can be significant 
in the large tan /3 regime. In the supersymmetric limit, bottom quarks only 
couple to However, supersymmetry is broken and the bottom quark 
will receive a small coupling to $° from radiative corrections, 

-^Yukawa h b <S>° d bb + (Ah b )$° u bb . (23) 

Because the Higgs doublet acquires a vacuum expectation value, the bottom 
quark mass receives an extra contribution equal to (Ahb)v u . Although Ahb 
is one-loop suppressed with respect to hb, for sufficiently large values of 
tan/3 (v u 3> Vd) the contribution to the bottom quark mass of both terms 
in cq. (23) may be comparable in size. This induces a large modification in 
the tree level relation, 

m b = ^(l + A b ), (24) 

where Ab = (Ahb) tan/3/ft&. The function A b contains two main contribu- 
tions: one from a bottom squark-gluino loop (depending on the two bottom 
squark masses M b and M b and the gluino mass M§) and another one from 
a top squark-higgsino loop (depending on the two top squark masses 
and Mf 2 and the higgsino mass parameter u). The explicit form of Ab at 
one-loop in the limit of Ms ^> nib is given by [69-71]: 

A b - I^M^tan/3 J(M 8i , M^, M- g ) + ^-A tM tan/3 I(M h ,M h ,v), (25) 

where a s = gl/^, Y t = hf/Air, and contributions proportional to the 
electroweak gauge couplings have been neglected. In addition, the function 
/ is defined by 



a 



2 b 2 \n(a 2 /b 2 ) + b 2 c 2 ln(6 2 /c 2 ) + c 2 a 2 ln(c 2 /a 2 ) 



5 ' C) = (a 2 -b 2 )(b 2 -c 2 )(a 2 -c 2 ) ' (26) 

and is manifestly positive. Note that the Higgs coupling proportional to 
Ahb is a manifestation of the broken supersymmetry in the low energy 
theory; hence, Ab does not decouple in the limit of large values of the su- 
persymmetry breaking masses. Indeed, if all supersymmetry breaking mass 
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parameters (and fi) are scaled by a common factor, the correction Aj, re- 
mains constant. 

Similarly to the case of the bottom quark, the relation between m T and 
the Higgs-tau-lepton Yukawa coupling h T is modified: 

h T v d , 



m T = 



V2 



(1 + A r ). 



(27) 



The correction A T contains a contribution from a tau slepton-neutralino 
loop (depending on the two stau masses Mf x and Mf 2 and the mass pa- 
rameter of the B ("bino") component of the neutralino, Mi) and a tau 
sneutrino-chargino loop (depending on the tau sneutrino mass Mp T , the 
mass parameter of the component of the chargino, M 2 , and /i). It is 
given by [70, 71]: 



ai 



A T = — -Mi/xtan/J/(M f 



Mi) - ^M 2M tan/3/(M I > T ,M 2 , M ), (28) 



where a 2 = g 2 /47r and ai = g' 2 /47r are the electroweak gauge couplings. 
Since corrections to h T are proportional to ot\ and a 2 , they are typically 
smaller than the corrections to hi,. 

From cqs. (23) and (24) we can obtain the couplings of the physical 
neutral Higgs bosons to bb. At large tan/3, the dominant corrections to 
eq. (19) are displayed below: 6 



h°bb: 
H°bb: 
A°bb: 



sin a 



1 



cos 13 1 + A 6 

cos a 1 
cos (3 1 + A b 
tan/3 



1 



1 + 



Ab cot a 
tan/3 

Ai, tan a 



tan/3 



75 



1 + A 6 



(29) 



where A& oc tan/3 [see eq. (25)]. Similarly, the neutral Higgs couplings 
to t + t~ are modified by replacing A& in eq. (29) with A T [70,71]. The 
corresponding radiative corrections to the couplings of the neutral Higgs 
bosons to tt are not tan /3-enhanced (sec [73] for a useful approximation for 
these corrections). One can also derive radiatively corrected couplings of 
the charged Higgs boson to fermion pairs [74, 75] . The tree- level couplings 
of the charged Higgs boson to fermion pairs are modified accordingly by 
replacing nib — > mj/ (1 + Ab) and m T — > m T / (1 + A r ), respectively. 



6 A better approximation in which non-leading terms at large tan j3 are kept can be found 
in [73]. 
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One consequence of the above results is that the neutral Higgs coupling 
to bb (which is expected to be the dominant decay mode over nearly all of 
the MSSM Higgs parameter space), can be significantly suppressed at large 
tan/3 [76-78] if A b ~ 0(1). For example, eq. (29) implies that g hHl ~ if 
tan a = A b / tan /3. Inserting this result into the corresponding expression 
for the 1i°t + t~ coupling, it follows that 

V2m T cos a ( A T - A b \ 
9h °^~ * „ sin/3 [TTa7 ) ' [lf 9h ° b ~ b " ° ] ' (30) 

Similarly, g H o bb — if tana = — tan/?/A&. Inserting this result into the 
corresponding expression for the H°t + t~ coupling, it follows that 

V2m T sina / A T - A b \ 

gH °^- * vsin(3 [tTaV ) ' [lf 9H<)hl " 0] ' (31) 

In both cases, we see that although the Higgs coupling to bb can be strongly 
suppressed for certain parameter choices, the corresponding Higgs coupling 
to t+t~ may be unsuppressed. In such cases, the t+t~ decay mode can 
be the dominant Higgs decay channel for the CP-even Higgs boson with 
SM-like couplings to gauge bosons. 

Near the decoupling limit, cot a cot (3 = — 1 + G(m\/m 2 A0 ) [after an 
appropriate manipulation of eq. (16)]. Inserting this result into eq. (29), one 
can check that the h°bb coupling does indeed approach its Standard Model 
value. However, because Ab oc tan/3, the deviation of the h bb coupling 
from the corresponding SM result is of 0(m% tan/3/m^ )- That is, at large 
tan/3, the approach to decoupling may be "delayed" [79], depending on the 
values of other MSSM parameters that enter the radiative corrections. 

5.3. MSSM Higgs boson decay modes 

In this section, we consider the decay properties of the three neutral 
Higgs bosons (h°, H° and A ) and of the charged Higgs pair (-ff^). Let us 
start with the lightest state, h°. When m A o 3> mz, the decoupling limit 
applies, and the couplings of h° to SM particles are nearly indistinguishable 
from those of hsM- If some superpartners are light, there may be some ad- 
ditional decay modes, and hence the h branching ratios would be different 
from the corresponding Standard Model values, even though the partial 
widths to Standard Model particles are the same. Furthermore, loops of 
light charged or colored superpartners could modify the h° coupling to 
photons and/or gluons, in which case the one-loop gg and 77 decay rates 
would also be different. On the other hand, if all superpartners are heavy, 
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all the decay properties of h° are essentially those of the SM Higgs boson, 
and the discussion of Section 3.1 applies. 

For m^o » mz, the heavier Higgs states, H°, A and H^, are roughly 
mass-degenerate and have negligible couplings to vector boson pairs. In 
particular, T(H° — » VV) < T(h SM — » VV), while the couplings of A 
and if"* 1 to the gauge bosons are loop-suppressed. The couplings of H°, 
A and to down-type (up-type) fermions are significantly enhanced 
(suppressed) relative to those of /ism if tan /3 3> 1. Consequently, the decay 
modes H°,A° — > 66, t + t~ dominate the neutral Higgs decay modes for 
moderate-to-large values of tan/3 below the it threshold, while H + — ► r+z/ 
dominates the charged Higgs decay below the ib threshold. 

For values of m^a of order mz-, all Higgs boson states lie below 200 GeV 
in mass and would be accessible at the LC. In this parameter regime, there is 
a significant area of the parameter space in which none of the neutral Higgs 
boson decay properties approximates those of hsM- For example, when tan j3 
is large, supersymmetry-breaking effects can significantly modify the 66 
and/or the t + t~ decay rates with respect to those of /ism- Additionally, the 
heavier Higgs bosons can decay into lighter Higgs bosons. Examples of such 
decay modes are: H° -» h°h°, A°A°, and ZA°, and H± -> W ± h°, W ± A° 
(although in the MSSM, the Higgs branching ratio into vector boson-Higgs 
boson final states, if kinematically allowed, rarely exceeds a few percent). 
The decay of the heavier Higgs boson into two lighter Higgs bosons can 
provide information about Higgs self-couplings. For values of tan/3 < 5, 
the branching ratio of H° — > h°h° is dominant for a Higgs mass range of 
200 GeV < m H o < 2m t . The dominant radiative corrections to this decay 
arise from the corrections to the self- interaction A^o^o^o in the MSSM and 
are large [80] . 

The phenomenology of charged Higgs bosons is less model-dependent, 
and is governed by the values of tan /3 and m# ± . Because the H ± couplings 
are proportional to fermion masses, the decays to third-generation quarks 
and leptons are dominant. In particular, for m#± < m t + nib (so that 
the channel H + — > ib is closed), H + — > t + v t is favored if tan/3 > 1, 
while H + — ► cs is favored if tan/3 is small. Indeed, BR(iJ + — > t + v t ) ~ 1 
if tan/3 > 5. These results apply generally to Type-II two-Higgs doublet 
models. For m#± > 200 GeV (the precise value depends on tan/3), the 
decay H + — > ib — > W + 66 is the dominant decay mode. 

In addition to the above decay modes, there exist new Higgs decay chan- 
nels that involve supersymmetric final states. Higgs decays into charginos, 
neutralinos and third-generation squarks and sleptons can become impor- 
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tant, once they are kinematically allowed [81]. For Higgs masses below 
130 GeV, the range of supersymmetric parameter space in which super- 
symmetric decays are dominant is rather narrow when the current bounds 
on supersymmetric particle masses are taken into account. One interest- 
ing possibility is a significant branching ratio of h° — > x°x°, which could 
arise for values of m^o near its upper theoretical limit. Such an invisible 
decay mode could be detected at the LC by searching for the missing mass 
recoiling against the Z in e+e~ — ► h°Z. 

5.4. MSSM Higgs boson production at the LC 

For m A o > 150 GeV, fig. 10 shows that the MSSM Higgs sector quickly 
approaches the decoupling limit, where the properties of h approximately 
coincide with those of hsM- In contrast, | cos(/3 — a)\ <C 1 implies that 
the H°VV couplings are highly suppressed [see eq. (17)], and the A°VV 
couplings are loop-suppressed. Thus, the Higgsstrahlung and vector-boson- 
fusion cross-sections for hsM production also apply to h production, but 
these are not useful for H° and A production. For the heavier neutral 
Higgs bosons, the most robust production mechanism is e + e~ — > Z* — > 
H°A a , which is not suppressed since the ZH°A° coupling is proportional 
to sin(/3 — a), as indicated in cq. (18). Radiatively corrected cross-sections 
for e+e- -» Zh°, ZH°, H°A°, and h°A° have been obtained in [82]. The 
charged Higgs boson is also produced in pairs via s-channel photon and 
Z exchange. However, since m#o ~ m^o ~ m H ± in the decoupling limit, 
H°A° and H + H~ production are kinematically allowed only when m^o < 
\/s/2. 7 In 77 collisions, one can extend the Higgs mass reach for the neutral 
Higgs bosons. As described in Section 11, the s-channel resonant production 
of H° and A (due primarily to the top and bottom-quark loops in the one- 
loop Higgs-77 triangle) can be detected for some choices of m^o and tan (3 
if the heavy Higgs masses are less than about 80% of the initial y/s of the 
primary e + e" system. The corresponding cross sections are a few fb [14,83]. 

If m^o ^150 GeV, deviations from the decoupling limit become more 
pronounced, and H° can now be produced via Higgsstrahlung and vector 
boson fusion at an observable rate. In addition, the factor of cos(/3 — a) 
in the Zh°A° coupling no longer significantly suppresses h°A° production. 
Finally, if m H ± < 170 GeV, the charged Higgs boson will also be produced 
in t — > H + b. In the non-decoupling regime, all non-minimal Higgs states 
can be directly produced and studied at the LC. 

7 The pair production of scalars is P-wave suppressed near threshold, so in practice the 
corresponding Higgs mass reach is likely to be somewhat lower than y/s/2. 
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Higgs boson production in association with a fermion-antifermion pair 
can also be considered. Here, the new feature is the possibility of enhanced 
Higgs-fermion Yukawa couplings. Consider the behavior of the Higgs cou- 
plings at large tan/3, where some of the Higgs couplings to down type 
fcrmion pairs (denoted generically by bb) can be significantly enhanced. 8 
Let us examine two particular regions with large tan/3. In the decoupling 
limit (where m A o > mz and | cos(/3 — a)\ <C 1), it follows from eq. (19) 
that the bbH° and bbA° couplings have equal strength and are significantly 
enhanced by a factor of tan/3 relative to the bbhsM coupling, while the bbhP 
coupling is given by the corresponding Standard Model value. If m^o < mz 
and tan/3 3> 1, then | sin(/3— a)\ <C 1, as implied by fig. 10, and m h o ~ m^o. 
In this case, the bbh° and bbA° couplings have equal strength and are sig- 
nificantly enhanced (by a factor of tan /3) 9 relative to the bbhsM coupling. 
Note that in both cases above, only two of the three neutral Higgs bosons 
have enhanced couplings to bb. If <j> is one of the two neutral Higgs bosons 
with enhanced bb<p couplings, then the cross-section for e+e~ — ► ff<f> (f = b 
or t) will be significantly enhanced relative to the corresponding Standard 
Model cross-section by a factor of tan 2 (3. The phase-space suppression is 
not as severe as in e + e~ — ► tt<j) (see fig. 5), so this process could extend the 
mass reach of the heavier neutral Higgs states at the LC given sufficient 
luminosity. The production of the charged Higgs boson via e+e~ — > ib~H~ 
is also enhanced by tan 2 /3, although this process has a more significant 
phase-space suppression because of the final state top quark. If any of these 
processes can be observed, it would allow for a direct measurement of the 
corresponding Higgs-fermion Yukawa coupling. 



6. MSSM Higgs boson searches before the LC 

6.1. Direct search limits from LEP 

Although no direct experimental evidence for the Higgs boson yet ex- 
ists, there are both experimental as well as theoretical constraints on the 
parameters of the MSSM Higgs sector. Experimental limits on the charged 

8 We do not consider the possibility of tan /3 < 1, which would lead to enhanced Higgs 
couplings to up-type fcrmions. As previously noted, models of low-energy supersymmetry 
tend to favor the parameter regime of 1 ^ tan/3 <^ rat/m^. Moreover, some of the low 
tan/3 region is already ruled out by the MSSM Higgs search (see Section 6.1). 
9 However in this case, the value of the bbH° coupling can differ from the corresponding 
bbhsM coupling when tan/3 2> 1, since in case (ii), where | sin(/3 — a)\ <C 1, the product 
tan /3 sin(/3 — a) need not be particularly small. 
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and neutral Higgs masses have been obtained at LEP. For the charged Higgs 
boson, m H ± > 78.6 GeV [84]. This is the most model-independent bound. 
It is valid for more general non-supersymmetric two- Higgs doublet models 
and assumes only that the H + decays dominantly into t + v t and/or cs. 
The LEP limits on the masses of h° and A are obtained by searching si- 
multaneously for e+e~ — > Z — > ZhP and e+e~ — > Z — > Radiative 
corrections can be significant, as shown in Section 5.2, so the final limits 
depend on the choice of MSSM parameters that govern the radiative cor- 
rections. The third generation squark parameters are the most important 
of these. The LEP Higgs working group [85] quotes limits for the case of 
Msusy = 1 TeV in the maximal-mixing scenario, which corresponds to the 
choice of third generation squark parameters that yields the largest correc- 
tions to m h a. The present LEP 95% CL lower limits are m^o > 91.9 GeV 
and m h o > 91.0 GeV. The theoretical upper bound on m h o as a function of 
tan/3, exhibited in fig. 11, can then be used to exclude a region of tan/3 in 
which the predicted value of m h o lies below the experimental bound. Under 
the same MSSM Higgs parameter assumptions stated above, the LEP Higgs 
search excludes the region 0.5 < tan/3 < 2.4 at 95% CL. 

In discussing Higgs discovery prospects at the Tevatron and LHC, we 
shall quote limits based on the assumption of Msusy = 1 TeV and maximal 
squark mixing. This tends to be a conservative assumption; that is, other 
choices give sensitivity to more of the [m^o, tan/3] plane. However, there 
are other parameter regimes where certain Higgs search strategies become 
more difficult. While these issues are of vital importance to the Tevatron 
and LHC Higgs searches, they are much less important at the LC. 

6.2. MSSM Higgs searches at the Tevatron 

The Tevatron SM Higgs search can be reinterpreted in terms of the 
search for the CP-even Higgs boson of the MSSM. Since the theoretical up- 
per bound was found to be m h o < 135 GeV (for Msusy < 2 TeV), only the 
Higgs search of the low-mass region, 100 GeV < m h o < 135 GeV, applies. 
In the MSSM at large tan /3, the enhancement of the A°bb coupling (and a 
similar enhancement of either the h°bb or H°bb coupling) provides a new 
search channel: qq, gg — > bb(f>, where <j> is a Higgs boson with enhanced cou- 
plings to bb. Combining both sets of analyses, the Tevatron Higgs Working 
Group [47] obtained the expected 95% CL exclusion and 5a Higgs discovery 
contours for the maximal mixing scenario as a function of total integrated 
luminosity per detector (combining both CDF and DO data sets). 

With 5 fb _1 of integrated luminosity per experiment, it is possible to 
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5c Discovery, Maximal Mixing Scenario 

I I 1 5 fb" 1 I I 20 fb" 1 CZI 301b" 




M A (GeV) 

Fig. 13: The 5a discovery region in the m^o-tan/3 plane, for the maximal mixing 
scenario and two different search channels: qq — > V(j> (4> = h° , H ), tj> — » bb 
(shaded regions) and gg, qq — > bb(f> (<j> = h° , H° , A°), <f> — > bb (region in the upper 
left-hand corner bounded by the solid lines) . Different integrated luminosities are 
explicitly shown by the color coding. The two sets of lines (for a given color) 
correspond to the CDF and D0 simulations, respectively. The region below the 
solid black line near the bottom of the plot is excluded by the absence of observed 
e + e~ — > Ztf) events at LEP. Taken from [47]. 

test nearly the entire MSSM Higgs parameter space, and obtain a 95% CL 
exclusion limit if no signal is observed. To assure discovery of a CP-even 
Higgs boson at the 5cr level, the luminosity requirement becomes very im- 
portant. Fig. 13 shows that a total integrated luminosity of about 20 fb -1 
per experiment is necessary in order to assure a significant, although not ex- 
haustive, coverage of the MSSM parameter space. If the anticipated 15 fb -1 
integrated luminosity is achieved, the discovery reach will significantly ex- 
tend beyond that of LEP. Nevertheless, the MSSM Higgs boson could still 
evade capture at the Tevatron. One would then turn to the LHC to try to 
obtain a definitive Higgs boson discovery. 
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6.3. MSSM Higgs searches at the LHC 

The potential of the LHC to discover one or more of the MSSM Higgs 
bosons has been exhaustively studied for the minimal and maximal mix- 
ing scenarios described above. One of the primary goals of these studies 
has been to demonstrate that at least one of the MSSM Higgs bosons 
will be observable by ATLAS and CMS for any possible choice of tan/3 
and m^o consistent with bounds coming from current LEP data. In or- 
der to establish such a "no-lose" theorem, an important issue is whether 
or not the Higgs bosons have substantial decays to supersymmetric par- 
ticle pairs. It is reasonable to suppose that these decays will be absent 
or relatively insignificant for the light h°. Current mass limits on super- 
symmetric particles are such that only h° — > X1X1 is n °t kinematically 
excluded, and this possibility arises only in a very limited class of models. 
For itlao > 200 GeV, decays of the A , H° , to supersymmetric parti- 
cles (especially pairs of light charginos/ncutralinos) are possible, but the 
branching ratios are generally not significantly large. In all such cases, the 
discovery limits we discuss below would only be slightly weakened. Fur- 
thermore, at high tan/3 the enhancement of the bb and t + t" couplings of 
the heavy ^4° and H° imply that supersymmetric decay modes will not 
be important even when m A o <~ m H o <~ m H ± 3> raz- We will summarize 
the LHC discovery prospects for the MSSM Higgs bosons assuming that 
supersymmetric decays are not significant. 

One of the primary Higgs discovery modes is detection of the relatively 
SM-like h° using the same modes as employed for a light hsM- Based on 
fig. 14 (which assumes L = 300 fb _1 ) [86], we see that for m A a > 180 GeV, 
the h° will be detected via gg, WW -> h° and Wh°,tth° with h° 77, 
while the till with h° — > bb mode is viable down to m A o > 100-120 GeV, 
depending on tan/3. Similar results have been obtained by CMS [87]. There 
are also many possibilities for detecting the other MSSM Higgs bosons. 
First, there is a small domain in which ra^o < 130 GeV, but yet m^o is still 
large enough for consistency with LEP limits, in which t — > bH^ discovery 
will be possible. However, the most interesting alternative detection modes 
are based on gg — ► A , H° and gb — > H^t production. We focus first on the 
former. For low-to-moderate tan (5 values, the channels H — > ZZ^ — > 4£, 
H° h°h° -> 6677 and A -> Zh° -> llbb are viable when m A o < 2m t , 
whereas the A , H° — ► ti modes are viable for ra^o > 2mt- For large enough 
tan /3, the gg — ► ^4°, H° — > r + r _ , fi + fi~ discovery modes become viable. For 
the gb — > H ± t process, the — > tb decays provide a 5cr signal both for 
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Fig. 14: 5ct discovery contours for MSSM Higgs boson detection in various chan- 
nels are shown in the [m^o,tan/3] parameter space, assuming maximal mixing 
and an integrated luminosity of L — 300 fb _1 for the ATLAS detector. Taken 
from [86]. 



low-to-moderate tan/3 < 2-3 and for high tan/3 > 15-25, depending upon 
mass. In addition, the i/ ± — > r^v decay mode yields a viable signal for 
tan/3 > 7-12. Of course, if the plot were extended to higher m^o, the 
minimum tan/3 value required for H°, A or detection would gradually 
increase. 

We noted earlier that the present LEP limits imply that tan/3 > 2.4 in 
the case of maximal mixing and Mgusy = 1 TeV (with even more stringent 
limits possible in other regions of the supersymmetric parameter space). 
Thus, it is very likely that tan (3 and m^o will be in one of two regions: 
(a) the increasingly large (as m^o increases) wedge of moderate tan/3 > 3 
in which only the h° will be detected; or (b) the high tan /3 region for which 
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the gg — > — > r + T~,/i + /i~ and gfe — » i/ ± t — > T^vt^tbt modes are 
viable as well. If the if , A , H^ 1 are heavy and cannot be detected either at 
the LHC (because tan [3 is not large enough) or at the LC (because they are 
too heavy to be pair-produced), precision measurements of the h° branch- 
ing ratios and other properties will be particularly crucial. The precision 
measurements might provide the only means for constraining or approxi- 
mately determining the value of m A o aside from possible direct detection in 
77 — > H°, A production. Expected LC precisions are such that deviations 
of h° branching ratios from the predicted SM values can be detected (in 
the maximal mixing scenario) for m^o < 600 GeV [73] . 

At the LHC there is another important possibility for h? detection. Pro- 
vided that the mass of the second-lightest neutralino exceeds that of the 
lightest neutralino (the LSP) by at least m h o, gluino and squark produc- 
tion will lead to chain decays in which x§ — * ^°Xi occurs with substantial 
probability. In this way, an enormous number of h 0, s can be produced, and 
the h° — > bb decay mode will produce a dramatic signal [88] . 

7. Non-exotic extended Higgs sectors 

In this section, we consider the possibility of extending only the Higgs 
sector of the SM, leaving unchanged the gauge and fermionic sectors of the 
SM. We will also consider extensions of the two-doublet Higgs sector of the 
MSSM. 

The simplest extensions of the minimal one-doublet Higgs sector of the 
SM contain additional doublet and/or singlet Higgs fields. Such extended 
Higgs sectors will be called non-exotic (to distinguish them from exotic 
Higgs sectors with higher representations, which will be considered briefly 
in Section 8). Singlet-only extensions have the advantage of not introducing 
the possibility of charge violation, since there are no charged Higgs bosons. 
In models with more than one Higgs doublet, tree-level Higgs-mediated 
flavor-changing neutral currents are present unless additional symmetries 
(e.g., discrete symmetries or supersymmetry) are introduced to restrict the 
form of the tree-level Higgs- fermion interactions [89] . Extensions containing 
additional doublet fields allow for spontaneous and explicit CP violation 
within the Higgs sector. These could be the source of observed CP-violating 
phenomena. Such models require positive squared-masses for the charged 
Higgs boson(s) in order to avoid spontaneous breaking of electric charge 
conservation. 
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Extensions of the SM Higgs sector containing doublets and singlets can 
certainly be considered on a purely ad hoc basis. But there are also many 
dynamical models in which the effective low-energy sector below some scale 
A of order 1 to 10 TeV, or higher, consists of the SM fermions and gauge 
bosons plus an extended Higgs sector. Models with an extra doublet of 
Higgs fields include those with new strong forces, in which the effective 
Higgs doublet fields are composites containing new heavier fermions. The 
heavy fermions should be vector-like to minimize extra contributions to 
precision electroweak observables. In many of these models, the top quark 
mixes with the right-handed component of a new vector-like fcrmion. The 
top quark could also mix with the right-handed component of a Kaluza- 
Klcin (KK) excitation of a fermion field, so that Higgs bosons would be 
composites of the top quark and fermionic KK excitations. (For a review 
and references to the literature, see [90].) Although none of these (non- 
perturbative) models have been fully developed, they do provide significant 
motivation for studying the Standard Model with a Higgs sector containing 
extra doublets and/or singlets if only as the effective low-energy theory 
below a scale A in the TeV range. 

When considering Higgs sectors in the context of a dynamical model 
with strong couplings at scale A, restrictions on Higgs self-couplings and 
Yukawa couplings, which would arise by requiring perturbativity for such 
couplings up to some large GUT scale, do not apply. At most, one should 
only demand perturbativity up to the scale A at which the new (non- 
perturbative) dynamics enter and the effective theory breaks down. 

The minimal Higgs sector of the MSSM is a Type-II two-doublet model, 
where one neutral Higgs doublet ($2) couples at tree level only to down 
quarks and leptons while the other ($°) couples only to up quarks. Non- 
minimal extended Higgs sectors are also possible in low-energy supersym- 
metric models. Indeed, string theory realizations of low-energy supersym- 
metry often contain many extra singlet, doublet and even higher representa- 
tions, some of which can yield light Higgs bosons (see, e.g., [91]). However, 
non-singlet Higgs representations spoil gauge coupling unification, unless 
additional intermediate-scale matter fields are added to restore it. A par- 
ticularly well-motivated extension is the inclusion of a single extra complex 
singlet Higgs field, often denoted S. Including S, the superpotential for the 
theory can contain the term XsH u HdS, which can then provide a natural 
source of a weak scale value for the fi parameter appearing in the bilinear 
superpotential form ^H u Hd required in the MSSM. A weak-scale value for 
s = (S°), where S° is the scalar component of the superficld S, is natural 
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and yields an effective fj, — Ags. This extension of the MSSM is referred to as 
the next-to-minimal supersymmetric model, or NMSSM, and has received 
considerable attention. For an early review and references, see [1]. 

7.1. The decoupling limit 

In many extended Higgs sector models, the most natural parameter 
possibilities correspond to a decoupling limit in which there is only one light 
Higgs boson, with Yukawa and vector boson couplings close to those of the 
SM Higgs boson. In contrast, all the other Higgs bosons are substantially 
heavier (than the Z) with negligibly small relative mass differences, and 
with suppressed vector boson couplings (which vanish in the exact limit of 
decoupling). By assumption, the decoupling limit assumes that all Higgs 
self-couplings are kept fixed and perturbative in size. 10 In the MSSM, such 
a decoupling limit arises for m^o ^> mz , and quickly becomes a very good 
approximation for m^a > 150 GeV. 

The decoupling limit can be evaded in special cases, in which the scalar 
potential exhibits a special form (e.g., a discrete symmetry can forbid cer- 
tain terms). In such models, there could exist regions of parameter space 
in which all but one Higgs boson are significantly heavier than the Z, but 
the light scalar state does not possess SM-like properties [92] . A complete 
exposition regarding the decoupling limit in the two-Higgs doublet model, 
and special cases that evade the limit can be found in [62]. 

7.2. Constraints from precision electroweak data and LC impli- 
cations 

In the Standard Model, precision electroweak constraints require 
m h S m ~ 193 GeV at 95% CL. This is precisely the mass region preferred 
in the MSSM and its extensions. However, in models of general extended 
Higgs sectors with only weak doublet and singlet representations, there are 
more complicated possibilities. First, it could be that there are several, or 
even many, Higgs bosons that couple to vector bosons and it is only their 
average mass weighted by the square of their VV coupling strength (rela- 
tive to the SM strength) that must obey the SM Higgs mass limit. Second, 
there can be weak isospin violations either within the Higgs sector itself 
or involving extra dynamics (for example related to the composite Higgs 

10 In the decoupling limit, the heavier Higgs bosons may have enhanced couplings to 
fcrmions (e.g., at large tan/3 in the two-Higgs doublet model). We assume that these 
couplings also remain perturbative. 
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S,T for U=0 and A^mm in Light A No- Discovery Zones 




S S 

Fig. 15: The outer ellipses show the 90% CL region from current precision elec- 
troweak data in the S, T plane for U — relative to a central point defined by 
the SM prediction with m^ SM = 115 GeV. The blobs of points show the S, T 
predictions for 2HDM models with a light A and with tan/3 such that the A 
cannot be detected in bbA a or tiA a production at either the LC or the LHC; the 
mass of the SM-like h° is set equal to y/s = 500 GeV (left) or 800 GeV (right) 
and m H ± and m^o have been chosen to minimize the x 2 of the full precision 
electroweak fit. The innermost (middle) ellipse shows the 90% (99.9%) CL region 
for m/j SM = 115 GeV after the Giga-Z operation and a Am^/ 6 MeV threshold 
scan measurement. The stars to the bottom right show the S, T predictions in 
the case of the SM with m hsM = 500 GeV (left) or 800 GeV (right). This figure 
is from [93]. 



approach) can compensate for the excessive deviations predicted if there is 
a SM-like Higgs boson with mass substantially above 200 GeV. 

A particularly simple example of this latter possibility arises in the 
context of the two-Higgs doublet model (2HDM) [92] and is illustrated in 
fig. 15. Consider a 2HDM in which one of the CP-even neutral Higgs bosons 
has SM-like couplings but has mass just above a particular presumed value 
of y/s (500 or 800 GeV) for the linear collider. In addition, focus on cases 
in which there is a lighter ^4° or h° with no VV coupling (for either, we use 
the notation h) and in which all other Higgs bosons have mass larger than 
y/s. Next, isolate mass and tan/3 choices for which detection of the h will 
also be impossible at the LC. Finally, scan over masses of the heavy Higgs 
bosons so as to achieve the smallest precision electroweak A^ 2 relative to 
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that found in the Standard Model for m hsM = 115 GeV [93]. For h = A°, 
the blobs of overlapping points in fig. 15 indicate the S, T values for the 
optimal choices and lie well within the current 90% CL ellipse. The heavy 
Higgs boson with SM couplings gives a large positive contribution to S and 
large negative contribution to T, and in the absence of the other Higgs 
bosons would give the S, T location indicated by the star. However, there 
is an additional positive contribution to T arising from a slight mass non- 
degeneracy among the heavier Higgs bosons. For instance, for the case of a 
light h — A , the h° is heavy and SM-like and Ap = a AT, where 



can be adjusted by an appropriate choice of m 2 H ± — m 2 H0 to place the 
prediction in the S—T plane at the location of the blob in fig. 15. Indeed, 
even if the "light" decoupled Higgs boson is not so light, but rather has mass 
equal to y/s (and is therefore unobservable), one can still obtain adequate 
agreement with current precision electroweak data. Fortunately, one can 
only push this scenario so far. To avoid moving beyond the current 90% 
ellipse (and also to maintain perturbativity for the Higgs self-couplings), 
the Higgs with SM-like VV coupling must have mass < 1 TeV. 

In composite Higgs models with extra fermions, there are similar non- 
degeneracies of the fermions that can yield a similar positive contribution 
to AT. As reviewed in [28], consistency with current precision electroweak 
data inevitably constrains parameters so that some type of new physics 
(including a possible heavy scalar sector) would again have to lie below a 
TeV or so. Future Giga-Z and VT-threshold measurements could provide 
much stronger constraints on these types of models, as discussed in Sec- 
tion 10. Moreover, such measurements would become a priority if a heavy 
SM Higgs boson is found at the LHC, but no other new physics (needed for 
a consistent explanation of the precision electroweak data) is discovered. 

7.3. Constraints on Higgs bosons with VV coupling 

In the MSSM, we know that the Higgs boson(s) that carry the VV 
coupling must be light: if m^o is large (the decoupling limit) then it is 
the mass-bounded h° that has all the VV coupling strength; if m^o < 
2m z, then the H° can share the VV coupling with the h°, but then m H a 





(32) 
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cannot be larger than about 2mz- In the NMSSM, assuming Higgs-sector 
CP conservation, there are 3 neutral CP-even Higgs bosons, /ii,2,3 {mi < 
TYI2 < m 3 ), which can share the VV coupling strength. One can show (see 
[94] for a recent update) that the masses of the hi with substantial VV 
coupling are strongly bounded from above. This result generalizes to the 
most general supersymmetric Higgs sector as follows. Labeling the neutral 
Higgs bosons by i with masses and denoting the ZZ squared-coupling 
relative to the SM by K i} it can be shown that [95] 

Y^Ki>l, Y^Kim^Kml. (33) 

i i 

where the value of mg depends somewhat on the low-energy supersymmet- 
ric model. That is, the aggregate strength of the VV squared-coupling of 
all the neutral Higgs bosons is at least that of the SM, and the squared- 
masses of the neutral hi weighted by the squared-couplings must lie below 
a certain bound. A value of ms ~ 200 GeV in eq. (33) is obtained [66] by 
assuming that the low-energy supersymmetric theory remains perturbative 
up to the GUT scale of order 10 19 GeV. This value of tub applies for the 
most general possible Higgs representations (including triplets) in the su- 
persymmetric Higgs sector and for arbitrary numbers of representations. If 
only doublet and singlet representations are allowed, the bound would be 
lower. The value of tub ~ 200 GeV also applies to general Higgs-sector-only 
extensions of the SM by requiring consistency with precision electroweak 
constraints and assuming the absence of a large contribution to T from the 
Higgs sector itself or from new physics, such as discussed in Section 7.2. 

7.4. Detection of non-exotic extended Higgs sector scalars at the 
Tevatron and LHC 

In the case of extended Higgs sectors, all of the same processes as dis- 
cussed for the SM and MSSM will again be relevant. However, one can no 
longer guarantee Higgs discovery at the Tevatron and/or LHC. In partic- 
ular, if there are many Higgs bosons sharing the WW, ZZ coupling, Higgs 
boson discovery based on processes that rely on the VV coupling could 
be much more difficult than in models with just a few light Higgs bosons 
with substantial VV coupling. This is true even if the sum rule of eq. (33) 
applies. For example, in the NMSSM, the addition of one singlet to the min- 
imal two-doublet Higgs structure allows for parameter choices such that no 
Higgs boson can be discovered at the LHC [96,97] using any of the processes 
considered for SM Higgs and MSSM Higgs detection. The problematical re- 
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gions of parameter space originally discussed in [96] were those in which the 
77 decay channel signals for the CP-even Higgs bosons are decreased (be- 
cause of decreased W-loop contribution to the coupling) and a moderate 
value of tan /? was chosen so that tt+ Higgs processes are weak and 66+Higgs 
processes are insufficiently enhanced. However, as shown in [97], the recent 
addition of the tth — ► ttbb and, especially, the W*W* — ► h — ► t+t~ discov- 
ery modes to the list of viable channels by the CMS and ATLAS collabo- 
rations means that discovery of at least one NMSSM Higgs bosons would 
be possible in all the "bad" parameter regions found in [96]. However, [97] 
also finds that there are parameter choices (explicitly excluded in the study 
of [96]) such that the CP-even Higgs bosons decay primarily to a pair of 
CP-odd Higgs bosons. Discovery techniques for this type of final state have 
not been developed for the LHC. 

However, in other cases, the Tevatron and LHC could observe signals not 
expected in an approximate decoupling limit. For example, in the 2HDM 
model discussed earlier the light h with no VV couplings decays via h — > 
bb, t + t~ and discovery in tth, bbh and even gg — > h [98] is possible, though 
certainly not guaranteed. Further, in these models there is a heavy neutral 
Higgs boson having the bulk of the VV coupling and (for consistency with 
current precision electroweak constraints or with perturbativity) a mass less 
than about 1 TeV. This latter Higgs boson would be detected at the LHC 
using gg, WW fusion production and ZZ — ► 41, WW — > 2j£v, ■ ■ ■ decay 
modes, just like a heavy SM Higgs boson. 

7.5. LC production mechanisms for non-exotic extended Higgs 
sector scalars 

Any physical Higgs eigenstate with substantial WW and ZZ coupling 
will be produced in Higgsstrahlung and WW fusion at the LC. Although 
there could be considerable cross section dilution and/or resonance peak 
overlap, the LC will nonetheless always detect a signal. This has been dis- 
cussed for the MSSM in Section 5.4. In the NMSSM, if one of the heavier 
CP-even hi has most of the VV coupling, the strong bound on its mass [94] 
noted earlier implies that it will be detected at any LC with y/s > 350 GeV 
within a small fraction of a year when running at planned luminosities [99] . 
The worst possible case is that in which there are many Higgs bosons with 
VV coupling with masses spread out over a large interval with separation 
smaller than the mass resolution. In this case, the Higgs signal becomes 
a kind of continuum distribution. Still, in [95] it is shown that the sum 
rule of eq. (33) guarantees that the Higgs continuum signal will still be 
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detectable for sufficient integrated luminosity, L > 200 fb -1 , as a broad 
excess in the recoil mass spectrum of the e + e~ — > ZX process. (In this 
case, WW fusion events do not allow for the reconstruction of Higgs events 
independently of the final state Higgs decay channel.) As already noted, 
the value of ~ 200 GeV appearing in eq. (33) can be derived from 
the constraints of perturbative evolution up to some high energy (GUT or 
Planck) scale for the most general Higgs sector in supersymmetric theories. 
The same bound onraj is also required by precision electroweak data for 
general SM Higgs sector extensions, at least in theories that do not have 
a large positive contribution to T from a non-decoupling structure in the 
Higgs sector or from new physics not associated with the Higgs sector. 

Other production modes of relevance include Higgs pair produc- 
tion [100], single Higgs production in association with it [44,45,101-106] 
and with bb [104-107]. In multi-doublet models, tbH~ /btH+ [44,108,109] 
and tvH^ [108,110,111] production are also present (and in some cases 
cbH~ /bcH + production is competitive [111]). The associated production 
of a charged Higgs boson and gauge boson has also been studied [112]. 
However, none of these modes are guaranteed to be either kinematically 
accessible at the LC or to have a sufficiently high event rate to be observed 
(if kinematically allowed). Regardless of the production process, relevant 
decay channels could include cases where heavier Higgs bosons decay to 
lighter ones. If observed, such decays would provide vital information on 
Higgs self-couplings [113]. 

It is also important to consider the production processes that are most 
relevant for those Higgs bosons (denoted h) which do not have substan- 
tial VV couplings. Such processes have particular relevance in the non- 
decoupling scenario for the general 2HDM model discussed earlier. In this 
scenario, h is the only Higgs boson light enough to be produced at an LC 
with yfs < 1 TcV, but it cannot be produced and detected in WW fusion or 
Higgsstrahlung. Since the other Higgs bosons are heavy, the h also cannot 
be produced in association with another Higgs boson. As shown in [92,105], 
the bbh and till processes will also not be detectable at the LC if tan/3 is 
moderate in value. The most interesting tree-level processes are then those 
based on the quartic couplings WWhh and ZZhh required by gauge in- 
variance [114]. These couplings allow for WW — ► hh fusion and Z* — > Zhh 
production, respectively. The exact cross sections for these processes are 
only mildly sensitive to the masses of the other heavier Higgs bosons via 
2HDM Higgs self-couplings. Of course, phase space restrictions imply an 
upper limit on the h masses that can be probed in this way. 
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Viability Regions for 2HDM ttA, bbA, vvAk 
and 77— > A Signals 
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Fig. 16: The stars form an outline of a wedge of [m^o,tan/3] parameter space 
inside which the LC operating at yfs = 800 GeV yields fewer than 20 events per 
1000 fb _1 in both the ttA and bbA production modes. Also shown by the arrow 
is the m A o value above which the process e + e~ — > vvA° A° yields fewer than 20 
events per 1000 fb _1 . The + symbols on the grid of [m^o , tan 0\ values show the 
points for which a 4<r signal for 77 — > A° would be achieved using LC operation 
at -y/s = 630 GeV after three years of operation assuming running conditions and 
strategies as specified in [17] using the NLC-based design of the 77 collider. (The 
nominal e + e~ luminosity for the underlying NLC design employed is 220 fb _1 
per year at y^s = 500 GeV.) The circles (triangles) show the additional points 
that would yield a 4cr signal for twice (four times) the integrated luminosity of the 
current NLC 77 interaction region design. The small squares show the additional 
points sampled in the study of [17]. This figure was taken from [115]. 



The case of h — A is illustrated in figs. 16 and 17 [115]. Fig. 16 shows 
the wedge region in which fewer than 20 events per 1000 fb _1 are obtained 
in bbA and ttA production at y/s = 800 GeV. Fig. 17 shows the m^o 
values for which fewer than 20 events are obtained in Z* — > ZA°A and 
W*W* -> A A production at *fs = 500 GeV and 800 GeV. Thus, single A 
discovery is not possible via any of the above processes in the region of the 



50 



J.F. Gunion, H.E. Haber and R. Van Kooten 



Cross Sections for e^e — > ZAA and vvNK 




m A (GeV) 

Fig. 17: The cross sections for e + e~ — *• ZA°A° and e + e~ — *■ vVA°A as a function 
of m^o are shown, assuming a 2HDM model with a heavy SM-like h . We have 
taken m h o = m^o = W.jy± = 1 TeV. Maximum and minimum values found 
after scanning 1 < tan f3 < 50 are shown for y/s = 500 GeV and 800 GeV. The 
variation with tan /3 arises from small contributions associated with exchanges of 
the heavy Higgs bosons. The 20 event level for L = 1000 ftr 1 is indicated. Taken 
from [115]. 

wedge with m^o > 300 GeV. With the 77 collider option at the LC, we note 
that 77 — > A° can provide a signal for the decoupled A over a significant 
portion of the wedge region. The results from a realistic study of [17] are 
illustrated in fig. 16, which focuses on m^o > 250 GeV. In particular, the 
operation of the 77 collider for two years using a polarization configuration 
for the electron beams and laser photons yielding a broad E 11 spectrum and 
one year using a configuration yielding a peaked spectrum is assumed. The 
pluses indicate 4tr discovery points after three years of operation (assuming 
that the machine operates for 10 7 sec during one calendar year) in the 
appropriate configurations at the NLC. The results of fig. 16 employ the 
i? 77 luminosity spectra as computed in [17] based on the particular laser 
and interaction region design that is discussed in more detail in Section 11. 
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A factor of two higher 77 luminosity, as might be achievable at TESLA or 
through further design improvement at the NLC, would allow 4a discovery 
for the additional points indicated by the circles. The corresponding results 
for a decoupled CP-even h — h a are similar. 

8. Exotic Higgs sectors and other possibilities 

As we have seen, there are many scenarios and models in which the 
Higgs sector is more complicated than the one-Higgs-doublct of the Stan- 
dard Model. Supersymmetry requires at least two Higgs doublets. Even 
in the absence of supersymmetry, a two-doublet Higgs sector allows for 
CP-violating phenomena. Singlets can also be added without altering the 
tree-level prediction of p = 1. However, the possibility of Higgs represen- 
tations with still higher weak isospin (left-handed, denoted by L) and/or 
hypercharge should not be ignored. Indeed, for judicious choices of the 
numbers and types of such representations, gauge coupling unification (al- 
though at scales below 10 15 GeV) is possible without introducing super- 
symmetry [116]. The main drawback of introducing scalars of this type is 
that, for triplets and most higher representations, if the vacuum expectation 
value of the neutral Higgs field member of the representation is non-zero 
(vl =/= 0) then p becomes infinitely renormalized and can no longer be com- 
puted [117]. In this case, p becomes an independent input parameter to the 
theory. Triplets have received the most attention, as they arise naturally in 
left-right symmetric extensions of the Standard Model gauge group [118]. 
(These and other models that utilize Higgs triplets are reviewed in [1].) 
In this section we will also briefly consider the Higgs-like pseudo-Nambu- 
Goldstone bosons that arise in generic technicolor theories. 

8.1. A triplet Higgs sector 

Including a single complex SU(2)-triplet Higgs representation, in addi- 
tion to some number of doublets and singlets, results in six additional phys- 
ical Higgs eigenstates: #—■++, H° and H°'. All but the doubly- 
charged states can mix with the doublet/singlet Higgs states under some 
circumstances. Even if vl 7^ for the neutral field, p = 1 can be preserved 
at tree level if, in addition, a real triplet field is also included [119,120]. 
However, p will still be infinitely renormalized at one-loop unless vl = is 
chosen. Left-right (L-R) symmetric models capable of yielding the see-saw 
mechanism for neutrino mass generation require two triplet Higgs repre- 
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sentations (an L-triplet and an R-triplet). The large see-saw mass entry, 
M, arises from a "Majorana coupling" which L-R symmetry requires to be 
present for both the L-triplct and R-triplct representations. 11 Again, p will 
not be altered if Vl = 0, but vr must be non-zero and large for large M. We 
will briefly discuss the phenomenology of an L-triplet; the corresponding 
phenomenology of the R-triplet is quite different. (See [1] for a review.) 

The resulting Higgs phenomenology can be very complex. We focus on 
the most unequivocal signal for a triplet representation, namely observa- 
tion of a doubly-charged Higgs boson. Pair production, Z* — > H ++ H~ 
would be visible at the LHC for m H -- < 1 TcV [116], but has limited 
mass reach, m H -- < \fs/2, at the LC. Fortunately, single production of a 
doubly-charged Higgs boson at the LC is also generally possible. In partic- 
ular, the generically-allowed Majorana coupling leads to an e~e~ — ► H~~ 
coupling and the possibility of s-channel resonance production of the H~' 
in e~e~ collisions. Observation of this process would provide a dramatic 
confirmation of the presence of the Majorana coupling and, in many cases, 
the ability to actually measure its magnitude. For a discussion and review, 
see [121]. If the H~~ is heavy and has significant W~W~ coupling (re- 
quiring vl 0), then it can become broad and the s-channel resonant 
production cross section is suppressed (see, e.g., [122]) and might not be 
observable. Another production mechanism sensitive to the e~e~ — > H~ 
coupling that might be useful in such an instance is e~e~ — > H~~Z, and 
e~e~ — > H~W~ will be sensitive to the e~v e — > H~ coupling that would be 
present for the H~ member of the triplet representation [123]. Using just the 
Majorana coupling, doubly-charged Higgs bosons can also be produced via 
e~7 — ► e + H and e + e~ — > e + e + H [124] and the singly-charged mem- 
bers of the same representation can be produced in e~e~ — > H~W~ [123]. 

Despite the loss of predictivity for p, it could be that non-zero vl is 
Nature's choice. In this case, the e~e~ collider option again has some 
unique advantages. The neutral, singly-charged and doubly- charged Higgs 
bosons of the triplet representation can all be produced (via ZZ fusion, 
W~Z fusion and W~W~ fusion, respectively). For example, [125] studies 
W~W- -» H— fusion. 



11 The so-called Majorana couplings correspond to the terms in the Yukawa interactions 
in which a fermion bilinear of lepton number +2 or —2 {e.g., the latter contains vv 
and e~e~) couples to the triplet fields. When the neutral component of the R-triplct 
acquires a vacuum expectation value, a Majorana mass term for the right-handed neu- 
trino is generated, and lepton number is spontaneously broken. In this model B — L is a 
spontaneously broken gauged U(l) symmetry. 
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8.2. Pseudo Nambu Goldstone bosons 

In the context of technicolor and related theories, the lowest-mass states 
are typically a collection of pseudo-Nambu-Goldstone bosons, of which the 
lightest is very possibly a state P° which can have mass below 200 GeV 
and couplings and other properties not unlike those of a light SM-likc Higgs 
boson. Typically, its WW, ZZ coupling is very small (arising via loops or 
anomalies), while its bb coupling can be larger. The phenomenology of such 
a was studied in [126, 127]. The best modes for detection of the P° at 
the LC are e + e~ — > jP° — > jbb and 77 — > P° — ► bb. Since the P° is likely 
to be discovered at the LHC in the 77 final state, we will know ahead of 
time of its existence, and precision measurements of its properties would be 
a primary goal of the LC. High integrated luminosity would be required. 

9. LC Measurements of Higgs Boson Properties 

In addition to the observation of one or more Higgs boson(s), an essential 
part of the LC physics program consists of measuring the mass, width, and 
couplings of the Higgs boson(s) with precision, and the determination of 
the scalar potential that gives rise to electroweak symmetry breaking. 

Determinations of the Higgs couplings arc needed to demonstrate that 
a Higgs boson generates mass for vector bosons, charged leptons, and up- 
and down-type quarks. Whether there is only one Higgs doublet can be 
checked if the ratios of measured branching ratios of directly coupled par- 
ticles are indeed proportional to the ratios of the squared-masses. Small 
variations can distinguish between a SM Higgs and h° of the MSSM with 
couplings close to the SM Higgs boson. Couplings are determined through 
measurements of Higgs branching ratios and cross sections. Higgs bosons 
are also expected to couple to themselves, and this self-coupling A can only 
be explored through the direct production of two or more Higgs bosons. It 
is in this category of direct and model independent determination of many 
absolute couplings (and not just their ratios) that the strength of the LC 
Higgs physics program really stands out. 

Details of some of the studies can be found in [128] and a comprehensive 
description of European studies using results of the simulated TESLA de- 
tector can be found in [129]. North American studies consider simulations 
of detectors with capabilities as described elsewhere [10]. The program of 
measurements of Higgs boson properties strongly impacts detector design. 
Measurement of branching ratios into fermions requires sophisticated ver- 
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tex detectors to separate b from c (and gluon) jets. Precise recoil mass 
measurements opposite leptons need excellent momentum resolution (par- 
ticularly for /z + ^i~) from charged particle tracking. The performance of the 
combined tracking and calorimetry systems needs to result in precise jet-jet 
invariant masses, missing mass measurements, and the ability to separate 
hadronic W from hadronic Z decays. 

The specific measurements used to determine the Higgs couplings to 
vector bosons, fermions and scalars are significantly different depending on 
the mass of the Higgs boson. A generic neutral CP-even Higgs boson will be 
denoted by h in this section. We treat three cases separately: a light Higgs 
boson (m/i < 2mw), an intermediate mass Higgs boson (2m\y < mh < 
2m t ), and a heavy Higgs boson (m/j > 2m t ). 

9.1. Mass 

In the Standard Model, the Higgs mass determines all its other proper- 
ties. Thus, the precision of the mass measurement affects the comparison of 
theory and experiment, for example, in a global fit of cross sections, branch- 
ing ratios, and precision electroweak data. Similarly, in the MSSM or other 
models with extended Higgs sectors, the masses of all the Higgs bosons are 
an important input to determining the underlying model parameters. 

For this fundamental mass measurement, the LC can exploit recoils 
against a Z (independently of Higgs decay), and event reconstruction plus 
kinematic constraints can improve resolution and clean up mass tails. For a 
light or intermediate mass Higgs boson, optimal running conditions would 
have smaller center-of-mass energy (e.g., y/s = 350 GeV for better momen- 
tum resolution), and possess as small a level of beamstrahlung as possi- 
ble. Under such conditions, one can precisely measure the recoil mass in 
e + e~ — > Zh events opposite to the reconstructed leptonic decay Z — > e + e~ 
or with the additional advantage of decay mode independence. Ac- 

curacy can be improved by reconstructing specific decay modes, leading for 
example to a four-jet topology where effective (5-C) kinematic constrained 
fits can be employed. 

Fig. 18 shows the distribution of the recoil mass, 



in a simulation of the "Large" Linear Collider Detector (LCD) [130] for 
Higgs masses between 115 and 160 GeV [131]. Using fits of Monte Carlo 
shape templates and an integrated luminosity of 500 fb _1 , precisions of 
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Fig. 18: Recoil mass from a pair of leptons simulated in the LCD Large detector for 
different Higgs masses at (a) y/s = 350 GeV and (b) 500 GeV. Taken from [131]. 



Am, lSM ~ 60 MeV at y/s = 350 GeV and Am hsM ~ 120 MeV at y/s = 
500 GeV have been estimated for either the e + e~ or mode. 

Realistic simulations have also been made of the LCD Large detector for 
the process Zh — > qqh resulting in four jets. Fig. 19(a) shows the jet-jet in- 
variant mass distribution for pairs of jets for Higgs with m/j SM = 115 GeV 
recoiling against a Z that has been reconstructed from its hadronic de- 
cay mode [132]. A clean Higgs signal with a mass resolution of approx- 
imately 2 GeV is observed. The central Higgs mass is shifted down due 
to the loss of low energy charged and neutral particles in the simulated 
event reconstruction. A low mass tail of the Higgs signal arises from miss- 
ing neutrinos in semi-leptonic b and c quark decays. Using neural net tags 
and full kinematic fitting [133], the mass peak shown in fig. 19(b) is ob- 
tained for rrih su = 120 GeV, y/s — 500 GeV, and 500 fb _1 resulting in 
Amd SM ~ 50 MeV. With the possibility of a second lower-energy interac- 
tion point, scans across the Zh threshold may be attractive. With a total 
integrated luminosity of 100 fb _1 , Am^ SM ~ 100 MeV at m^ SM = 150 GeV 
is achievable [134], competitive with the methods above. 

More work is necessary to confirm analogous precisions for heavier Higgs 
bosons and MSSM Higgs bosons with different decay modes and possible 
near-mass degeneracies. The number of Zh events with Z — > £ + £~ for an 
intermediate mass (m/, > 2mw) or heavy Higgs (m/, > 2m*) with SM cou- 
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Fig. 19: (a) Jet-jet invariant mass of the jets recoiling from a Z reconstructed 
hadronically simulated in the LCD Large detector, m^ SM = 115 GeV [132]. (b) 
Direct reconstruction of the four-jet qqhgM state simulated in the LCD Large 
detector after fitting with full kinematic constraints, 77i/j SM = 120 GeV [133]. 

pling plummets quickly [135]. In this case, and for the decays h — » ZZ, 
hadronic decays of the Z would have to be considered to gain sufficient 
statistics. For the heavier MSSM Higgs boson states, European studies [136] 
have shown typical mass precisions of Amjj± and Am^o H o of around 
1 GeV for 500 fb _1 , but at «/s = 800 GeV. 

9.2. Coupling Determinations Light Higgs Boson 

9.2.1. Cross Sections 

For Higgs masses below 2m\y, the couplings cjhzz and ghww are best mea- 
sured through measurements of the Higgsstrahlung and WW fusion cross 
sections, respectively. These cross sections are also critical in the extraction 
of branching ratios since the experimental measurement will be a product 
of cross section and branching ratio. 

Measurement of the Higgsstrahlung cross section is best addressed via 
the recoil mass method outlined above [131]. To reduce the contribution 
from the WW fusion process, it is best to run at a lower energy, i.e., 

= 350 GeV, and to examine recoil against to avoid large Bhabha 

backgrounds. A simulation based on the LCD Large detector with 500 fb _1 
finds Aa/a ~ 3% [4.7%] at ^ = 350 [500] GeV, as shown in fig. 20(a). 
These results agree roughly with estimates from European studies [137]. 
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Fig. 20: (a) Cross section measurement for 500 fb — [131] and (b) separation of 
Higgsstrahlung and WW fusion (*fs = 350 GeV) through a fit after background 
subtraction [138], both simulated in the LCD Large detector. 

With efficient and pure 6-jet tagging, events due to the process e + e~ — > 
W + W" vv — ► vvh — ► vvbb can be separated from those due to Hig- 
gsstrahlung, Zh —> vvh — > vvbb by examining the missing mass distri- 
bution and fitting to the expected shapes of a peak at mz from Hig- 
gsstrahlung and the higher missing masses from WW fusion. This technique 
has been confirmed with simulations of the LCD Large detector as shown in 
fig. 20(b) [138]. With 500 ftr 1 and a precision of <5BR(/i SM -> bb)/BK ~ 3% 
(see below), the fusion-process cross section with this analysis can be found 
with a precision Aa/<r — 3.5% for m^ SM = 120 GeV. 

9.2.2. Branching Ratios 

A key advantage of the linear collider in Higgs studies is the attractive 
situation of identifying Higgsstrahlung Zh events through the tag of the Z 
decays. This selection is largely independent of the decay mode of the h 
and simplifies the measurement of Higgs boson branching ratios. 

Small beam sizes, the possibility of a first measurement as close as 1 cm 
from the beam axis, and sophisticated pixel vertex detectors allow for effi- 
cient and clean separation of quark flavors. Separate tagging of b and c jets 
is possible. By assumption, jets that are not identified as heavy flavor are 
assumed to be gluon jets, since the Higgs partial width into gg dominates 
the width into light quark pairs. 

In a study [139] of vertexing in a CCD vertex detector in a standard 
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Table 1: Predicted branching ratio precisions in the LCD Large detector and 
typical vertex detector configuration for 500 fb _1 and ^/i = 500 GcV [142]. 





m, lSH = 120 GeV 


m hsM = 140 GeV 




BR 


5BR/BR 


BR 


(5BR/BR 


hsM - 


-» bb 


(69 ± 2.0)% 


2.9% 


(34 ± 1.3)% 


3.8% 


hsM - 


■* WW* 


(14 ±1.3)% 


10% 


(51 ± 1.5)% 


3.0% 


h-SM - 


-> cc 


(2.8 ±1.1)% 


39% 


(1.4 ±0.64)% 


44% 


h-SM - 


-» 99 


(5.2 ±0.93)% 


18% 


(3.5 ±0.79)% 


23% 


hsM - 


-> T + T~ 


(7.1 ± 0.56)% 


8.0% 


(3.6 ±0.38)% 


10% 



configuration of a LCD detector (CI in [140]), topological vertexing [141] 
with neural net selection [see fig. 21(a)] was used for flavor (or anti-flavor, 
i.e., veto WW*) tagging. Assuming 500 fb _1 and 80% polarization, results 
shown in Table 1 were obtained (and include the most recent updated 
branching ratio precisions of [142]). These results have been checked to 
scale roughly with other studies [143-145] as (a J Cdt)^ 1 ^ 2 , with the results 
of [145] (that includes IismW) being noticeably better for cc and gg with 
errors as shown in fig. 21. As described in more detail in Section 9.2.5, these 
branching ratio measurements can then be used to either distinguish a SM 
Higgs boson from an MSSM Higgs boson, or to probe higher mass states 
and extract MSSM parameters such as m A a even if ^4° is not accessible. 

With enough data and good charged particle momentum resolution, 
even the rare decay mode into can be observed. As shown in fig. 22, 

for a Higgs boson mass of 120 GeV where the Standard Model branch- 
ing ratio is predicted to be only 3 x 10~ 4 , the signal can be extracted 
from the underlying background with more than 5er significance with 
1000 fb _1 [146]. For this channel, there are clear advantages to running 
at multi-TeV energies where precisions could be reached to extend the test 
of the Higgs mechanism of mass generation in the lepton sector by checking 

if 9hsm[i^ 1 9 Iismtt — m-n/m-r- 

For lighter Higgs bosons, the coupling to top quarks is still accessible via 
the radiative process tih described below or indirectly through BR(h — > gg). 
An accessible decay mode for light Higgs bosons is — > 77 requiring ex- 
cellent electromagnetic calorimetry in the detector. For a SM Higgs boson 
in a typical LCD detector, this is a difficult measurement requiring a great 
deal of luminosity, which is best for masses around 120 GeV [147], as shown 
in fig. 23. A higher luminosity study [148] with 1000 fb _1 and rrih SM = 120 
GeV for the TESLA detector finds <5BR/BR = 14%. A gamma-gamma col- 
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Fig. 21: (a) For the simulated LCD Large detector with CCD vertex detector, 
neural net /igM — > cc output for — > cc events (dark) compared to output for 
^SM ~~ * bb events (gray). Taken from [140]. (b) Variation of branching ratios with 
SM Higgs mass (bands are la uncertainties on the predictions) and measurement 
precisions in the TESLA detector (points with error bars). Taken from [145]. 




Fig. 22: Distribution of the fJ. fi invariant mass for m^ SM = 120 GeV. The 
points with error bars represent 1000 fb" 1 of data. Taken from [146]. 
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Fig. 23: Fractional error on the branching ratio BR(/igM — * 77)- The open squares 
are for a typical LCD detector electromagnetic energy resolution of AE/E = 
10% /VE 1.0%. Taken from [147]. 



lider, discussed in Section 11, would be a more powerful tool for determining 
the Higgs coupling to photons. 

Invisible Higgs boson decay channels, if significant, pose a difficult chal- 
lenge for the LHC Higgs search. [149]. Possible invisible final states include 
neutralinos [150], majorons [151], heavy neutrinos [152], or the disappear- 
ance of the Higgs boson due to Higgs-radion mixing [153]. Likewise, the 
LHC Higgs search will be difficult if the bb, WW*, ZZ* and 77 decay 
channels are significantly suppressed (in which case, e.g., Higgs decay into 
light hadronic jets could be dominant [154]). The LC can close these loop- 
holes and measure the branching ratio easily even for branching ratios as 
small as 5% as shown in fig. 24 for a relatively narrow Higgs state using 
the recoil mass method and demanding no detector activity opposite the 
Z [155], or by comparing the number of events tagged with Z — > £ + £~ with 
the total number of observed Higgs decays into known states. 
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Fig. 24: Fractional error on a Higgs invisible branching ratio for = 120 GeV 
and 500 fb _1 of data. The asymptotic value as the branching ratio (Br) ap- 
proaches unity is due solely to the statistical uncertainty in a(hZ). A blow-up of 
the region of <5Br/Br < 0.2 is also shown. Taken from [155] 



9.2.3. Radiative Production, tth 



For a light Higgs boson, production through radiation off a top quark is 
feasible [44,45, 101-106], resulting in a final state of tth, thus allowing for a 
determination of the Yukawa top quark coupling ghtt- For a SM-like Higgs 
boson with rrih = 120 GeV, the tth cross section is roughly 10 times larger at 
x/s = 700-800 GeV than at 500 GeV. At y/s = 800 GeV, a statistical error 
of Sghtt/ghtt ~ 5% was estimated [102] for L = 500 fb _1 on the basis of an 
optimal-observable analysis [156]. At y/s — 500 GeV, a statistical error of 
Sghtt/ghtt — 21% is estimated [103,104] using a total integrated luminosity 
of 1000 fb _1 . A more sophisticated analysis using neural net selections, full 
simulation, and the same integrated luminosity at \fs = 800 GeV finds a 
total error of 6% on the coupling [157]. 



9.2.4. Self-Coupling 

To fully delineate the Higgs sector, it is essential to measure the shape of 
the Higgs potential. The cross section for double Higgs production (e.g., 
Zhh) is related to the triple Higgs coupling ghhh, which in turn is related 
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Fig. 25: (a) Dependence of the hhZ cross section on the triple Higgs coupling, 
normalized to its SM value for the indicated mass and yfs values, (b) Distribution 
of the hh invariant mass in hhZ events from diagrams containing the triple Higgs 
vertex (solid line) compared to that from other diagrams (dashed line). Both plots 
have been taken from [161]. 



to the spontaneous symmetry breaking shape of the Higgs potential [158]. 
In the MSSM, a variety of double Higgs production processes [113] would 
be required to determine ghhh, ghAA, etc. 

These cross sections are low, and high integrated luminosity is needed, 
bolstered by polarization and neural net selections. Experimental stud- 
ies [159, 160] indicate that for a SM-like Higgs boson with nih — 120 GeV at 

= 500 GeV and 1000 fb _1 , a precision of Sghhh/ghhh = 23% is possible. 
A measurement of the double Higgs production cross section to extract ghhh 
has to deal with dilution due to the existence of diagrams that lead to the 
same final states but that do not include a triple Higgs vertex [see fig. 25(a)] , 
so additional kinematical variables can be considered to enhance sensitivity 
to the signal. A study considering the h decay angle in the hh rest frame 
and the hh invariant mass [fig. 25(b)] has shown improved separation and 
an increased precision of Sghhh/ghhh = 20% [161] for the same mass, en- 
ergy, and integrated luminosity as above. The regions of accessibility in the 
MSSM parameter space for the MSSM Higgs self-couplings have also been 
performed [113,162]. 

With the cross section for SM triple Higgs production so low [a(Zhhh) < 
0.001 fb], measurement of the quartic coupling ghhhh is hopeless with cur- 
rently envisioned luminosities. 
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9.2.5. Implications for the MSSM Higgs Sector 

The discussion of light Higgs coupling determinations has been based on 
the assumption that the actual Higgs couplings to fermions, vector bosons 
and scalars are close to the corresponding Standard Model expectations. 
In Section 7.1, it was argued that such an expectation is rather generic, 
and applies to the decoupling limit of models of Higgs physics beyond the 
Standard Model. In particular, the decoupling limit of the MSSM Higgs 
sector sets in rather rapidly once m^o > 150 GcV [see Section 5.1]. Since 
m h o < 135 GeV in the MSSM [eq. (22)], the precision study of h° using 
the techniques discussed above can distinguish between h° and hsM with a 
significance that depends on how close the model is to the decoupling limit. 
Said another way, the detection of deviations in the Higgs couplings from 
their Standard Model predictions would yield evidence for the existence 
of the non-minimal Higgs sector, and in the context of the MSSM would 
provide constraints on the value of m^o (with some dependence on tan 
and other MSSM parameters that enter in the Higgs radiative corrections). 

In [73], the potential impact of precision Higgs measurements at the 
LC on distinguishing h° from hsM was examined. The fractional deviation 
of the h° branching ratios into a given final state from the corresponding 
result for hsM (assuming the same Higgs mass in both cases) is defined as: 
SBR = (BRmssm - BR S m)/BR S m- For the MSSM Higgs boson decay, both 
m^o and the corresponding branching ratios were computed including the 
radiative corrections due to the virtual exchange of Standard Model and 
supersymmetric particles, as described in Section 5.2. Thus, the h° branch- 
ing ratios depend on m A o and tan (which fix the tree-level MSSM Higgs 
sector properties) and a variety of MSSM parameter that govern the loop 
corrections. Four scenarios were considered: the minimal and maximal top- 
squark mixing cases [see eq. (22) and surrounding text], and two additional 
cases with large \fj,\ = \A t \ (for \iA t < and two possible sign choices of /j,), 
where \x and A t control the top-squark mixing. In the latter two scenarios, 
significant renormalization of the CP-even Higgs mixing angle a and 
[see eq. (29)] can arise. 

In fig. 26, contours of <5BR are plotted for three ft. decay modes: bb, 
WW* and gg. The contours shown correspond roughly to the ler and 2er 
measurements claimed by [145], rescaled for the LC at y/s = 500 GeV (sec 
also the bb and WW* branching ratio precisions given in Table 1). In the 
minimal and maximal scenarios, the dependence on m^o is nearly indepen- 
dent of tan 0, and demonstrates that one can achieve sensitivity to values 
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Fig. 26: Contours of SBR(bb) = 3 and 6% (solid), SBR(WW*) = 8 and 16% 
(dashed) and SBK(gg) = 8 and 16% (dotted) [BR deviations are defined in the 
text] in the no (i.e. minimal) mixing scenario (top left), the maximal mixing 
scenario (top right), and the large /j, and At scenario with /i = —At = 1.2 TeV 
(bottom left) and fj, = -A t = -1.2 TeV (bottom right). Taken from [73]. 



of rriAo that lie significantly beyond \/s/2 where direct production at the 
LC via e + e~ — > H°A° is kinematically forbidden. However in some MSSM 
parameter regimes [e.g., the case of large fi = —At as shown in fig. 26(c) 
and (d)], a region of tan/3 may yield almost no constraint on ra^o. This is 
due to the phenomenon of m^o -independent (or premature) decoupling [73] 
in which cos(/3— a) [which controls the departure from the decoupling limit] 
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vanishes at a particular value of tan (3 independently of the value of m^o . 
Thus, a measured deviation of Higgs branching ratios that distinguishes 
h° from hsM can place significant constraints on the heavier non-minimal 
Higgs states, although the significance of the resulting constraints can de- 
pend in a nontrivial way on the value of the MSSM parameters that control 
the Higgs radiative corrections. 

9.3. Coupling Determinations Intermediate Mass Higgs Boson 

For nth < 2mw, there are many possible branching ratio measurements 
at the LC (see Table 1). This rich phenomenology allows for the determi- 
nation of Higgs couplings to many of the fermions and bosons. For larger 
masses, decays to // become rarer until the threshold for decays into top 
is crossed. In this intermediate mass range, the LC can measure the W 
and Z couplings more precisely than the LHC both through Higgs produc- 
tion rates and via branching ratios for decays into these bosons. Whether 
the observed Higgs boson fully generates the W and Z mass can then be 
checked. 

We have noted in Section 2 that precision electroweak measurements in 
the framework of the Standard Model imply that mh SM 193 GeV at 95% 
CL [24]. Thus, any Higgs boson observed with a mass much greater than 
this would imply new physics. At this point, measurements from a Giga-iJ 
dataset would be particularly useful to probe this new sector. 

9.3.1. Cross Sections 

Techniques described earlier [131, 138] for cross section measurements of 
both the Higgsstrahlung and W-fusion processes, with subsequent Higgs 
decays into bb, can still be performed for the lower portion of the interme- 
diate mass range below m/j SM = 160 GeV. Even in this intermediate mass 
range, it is beneficial to run at the peak of the cross section at roughly 
mh + m z + 50 GeV. Typical precisions of Aa(ZhsM)/&(ZhsM) — 5% and 
A<7(z/z7/i SM )/<7(z/I7/i SM ) ~ 17% for m hsM = 160 GeV at ^ = 350 GeV with 
500 fb _1 can be obtained. 

For heavier Higgs bosons in this mass range, cross sections for both 
Higgsstrahlung and IV-fusion will need to be extracted from these processes 
followed by h — > WW* decays for example as described in [144]. Couplings 
determined from tth and Zhh production would clearly need higher ccnter- 
of-mass energy. 
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9.3.2. Branching Ratios 

Using Higgsstrahlung events at an optimal y/s, the statistical error on 
BR(/i SM -» bb) is still only 6.5% at m hsM = 160 GeV [145]. At ^ = 
500 GeV, with leptonic decays of the Z only, the statistical error on this 
branching ratio reaches 25% at rrih SM — 165 GeV with 250 fb^ 1 and re- 
mains below 30% for m hsM < 200 GeV with 2000 fib" 1 [135]. However, in 
addition to the leptonic decays of the Z, hadronic decays can also be used 
to effectively tag the associated Z. Extrapolating from full LCD detector 
simulations, it is conservatively estimated that including the hadronic de- 
cays of the Z results in an increase in signal statistics above background 
by a factor of four. With these assumptions and 500 fb _1 , again with the 
optimal y/s ~ 350 GeV, the error on the bb branching ratio can then be 
estimated to reach 25% at m/j SM ~ 200 GeV. Measurement of branching 
ratios to cc, t + t~, gg, and 77 does not seem feasible in this mass range. 

Branching ratios into vector bosons can be measured with good preci- 
sion in this intermediate mass range. For m/j SM = 160 GeV and 500 fb _1 , 
a predicted excellent precision of 2.1% on BR(/igM — * WW), has been re- 
ported [144] and extrapolated estimated precisions of better than 7% over 
the mass range of 150 to 200 GeV [135]. 

To measure BR(h — > ZZ), it will be necessary to distinguish hadronic 
Z decays from hadronic W decays, serving as an important benchmark for 
electromagnetic and hadronic calorimctry. With the same luminosity, and 
assuming that this separation allows one to identify one of the two Z's in 
the Higgs decays (through leptons or bb) 40% of the time, the statistical 
uncertainty of this branching ratio would be approximately 8% for mh SM — 
210 GeV [135] degrading to 17% for m hsM = 160 GeV [129] where the 
branching ratio into Z's is still small. 

9.4. Coupling Determinations Heavy Higgs Boson 

If a SM-like Higgs boson is heavy (i.e., m,h > 2mt), then new physics 
beyond the Standard Model must exist (e.g., see Section 7.2; other examples 
of possible new physics effects arc surveyed in [28, 163]). High-statistics 
measurements at the Z peak would again be useful to elucidate these effects. 

9.4.1. Cross Sections 

As a specific case, for mh = 500 GeV at y/s = 800 GeV, a SM-like Higgs bo- 
son would have a width of 70 GeV and dominant decay modes into W + W~ 
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(55%), ZZ (25%), and tt (20%). The production cross section for Zh would 
be 6 fb, but production would be dominated by vvh production at 10 fb. 
With 1000 fb -1 , one expects 400 Zh events where the Z decays to e + e~ or 
H + H~ ■ With reasonable selection and acceptance cuts, a measurement of 
a{Zh) to better than 7% should be feasible. See [163] for an independent 
assessment of the LC discovery reach for a heavy Higgs boson. 

9.4.2. Branching Ratios 

The LHC will have great difficulty distinguishing h — > it decays due to 
huge QCD tt backgrounds. On the other hand, this mode should be ob- 
servable at the LC. In the SM, the important coupling — 0.5 can 
be compared to g^bhsM — 4 x 10~ 4 . If the Higgs boson is heavier than 
350 GeV, it will be possible obtain a good determination of the top-Higgs 
Yukawa coupling. Full simulations are needed for heavy Higgs decays into 
top, but with reasonable assumptions, one can expect a statistical error of 
JBR/BR ~ 14% with 500 fb" 1 [135]. Simulations using the TESLA detec- 
tor of the W + W~ — > /ism — * it process with 1000 fb -1 and 6-jet final states 
show impressive signal significance for ^fs = 1000 GeV and reasonably good 
significance at y/s = 800 GeV [164]. These studies find that a relative error 
in the top quark Yukawa coupling measurement better than 10% can be 
achieved for Higgs masses in the 350-500 GeV and 350-650 GeV ranges at 
Vs = 800 GeV and 1000 GeV, respectively. 

Again assuming detector performance allowing for separation of 
hadronic W and Z decays, and using production through IV-fusion, similar 
techniques for extracting BR(/igM — * it) can be applied resulting in esti- 
mates on BR(/ism W + W~) and BR(/ism — > ZZ) as shown in Table 2. 

9.5. Summary of Couplings 

The relative measurement errors for a SM Higgs at various masses are 
summarized in Table 2. As much as possible, the entries in this compilation 
have been collected from LCD detector simulations, particularly for lighter 
masses. For uniformity, the entries have been scaled to 500 fb -1 , except 
where noted otherwise. The significant measurements of many branching 
ratios, couplings and the total width demonstrates the strength of the LC 
Higgs program. 

Just as the computer program ZFITTER [165] is used with Z mass, 
widths, asymmetries and branching ratios to make global fits for Z cou- 
plings, a program HFITTER [128] is now available that performs a global 
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Table 2: Summary of measurement precisions for the properties of a SM-like Higgs 
boson, h, for a range of Higgs boson masses. Unless otherwise noted (see footnotes 
below the table), ^J~s = 500 GeV and the total integrated luminosity is taken to 
beSOOfb" 1 . 



Am h 


~ 120 MeV (recoil 


against leptons from Z) 




~ 50 MeV (direct reconstruction) 




m h (GcV) 


120 


140 


160 


200 


400-500 


sfs (GcV) 


500 


800 


Aa(Zh)/a(Zh) 


4.7% 


6.5% 


6% 


7% 


10% 


Aa(uVh)BR(bb)/aBR 


3.5% 


6% 


17% 






Sghxx/ghxx (from BR's) 












it 


6-21% f 








10% 


bb 


1.5% 


2% 


3.5% 


12.5% 




cc 


20% 


22.5% 








T + T - 


4% 


5% 










15% \ 












4.5% 


2% 


1.5% 


3.5% 


8.5% 


zzw 






8.5% 


4% 


10% 


99 


10% 


12.5% 








11 


7% 


10% 








9hhh 


20% § 










r to t tt 


10.1% 


8.2% 


12.9% 


10.6% 


22.3% 



f The range of htt couplings is obtained from e + e — > tth, with y/s = 500- 

800 GeV and 1000 fir 1 of data. 

\ based on^ = 800 GcV and 1000 ftr 1 of data. 

§ based onys = 500 GcV and 1000 ftr 1 of data. 

ft indirect determination from T(VV*)/BR(VV*), V = W,Z. 



fit taking into account correlations between measurements of Higgs boson 
properties. Individual couplings of the Higgs boson can then be extracted 
optimally, for example through the correct combination of cross section and 
branching ratio measurements for such couplings as ghww an d gnzz ■ Such 
precision fits can be used to probe indirectly for higher-mass states. 

9.6. Total Width 

For light Higgs bosons, the predicted SM width is far too small to 
be measured directly (and any anomalously wide state will indicate new 
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physics), but the combination of branching ratios and coupling measure- 
ments allows the indirect and model-independent measurement of the total 
width through r tot = Y(h -> X)/BR(h -» X). For m hsM < 115 GcV, the 
total width measurement would very likely require a 77 collider, an e + e~ 
LC, and input from the LHC [2]. However, limits from LEP indicating 
m h SM ^ 115 GeV would result in a non- negligible branching ratio to WW* 
with the exciting and attractive prospect of an indirect model-independent 
measurement of the total width using LC measurements alone. 

First, measurements of o(hvv) x BR(/i — > 66) and BR(h — > 66) inde- 
pendently (through recoil in Higgsstrahlung) gives T(h — > WW*). Using a 
similar independent measurement of BR(/i — > WW*) then gives the total 
width through the relation r to t = T(h -» W)/BR(/i -> 1L1U*). Simi- 
larly, both — > ZZ*) and BR(/i — > ZZ*) can be determined from the 
Higgsstrahlung process and used to compute r to t = r(ft — > ZZ*)/BR(h — > 
ZZ*). These two independent results for r to t can then be combined. The 
results are summarized in Table 2. Even with as little as 200 fb _1 , r to t can 
be found to approximately 10% for m/j SM = 120 GeV, improving to <~ 7% 
for m/j SM <~ 150 GcV. Even better precision can be attained with the intro- 
duction of some model assumptions in the value used for r(ft,sM — » WW*), 
i.e., assuming the SU(2) relation between W and Z couplings along with 
o~meas(ZhsM), or else by using its SM value directly as a consistency check. 

For nih SM 205 GeV, r to t(^SM) > 2 GeV and the total width could be 
directly resolved with typical LCD detector resolutions. The variations of 
precision for indirect and direct measurements for different values of m/ lSM 
and inputs from different machines are examined in [2,166]. The jet-jet mass 
resolution assumed in [2] has been verified by full simulations [132] in the 
LCD Large Detector resulting in estimated direct measurements of the total 
width reaching minimum values of ~ 6% in the mass range of 240-280 GeV 
with 200 fb _1 . A more complete analysis for m; lSM = 240 GeV, where the 
predicted SM Higgs width is 3.4 GeV, fits to a convolution of resolution 
and a Breit-Wigner as shown in fig. 27 to find AT hsM /T hsM = 12% [167]. 
The indirect determination described above can also still be pursued and a 
combination would allow even better precisions. 

9.7. Quantum Numbers 

The spin, parity, and charge conjugation quantum numbers J PC of a 
Higgs boson candidate, generically denoted by 4>, can potentially be deter- 
mined in a model-independent way. Useful ingredients include the following: 

1. If 4> is produced in 77 collisions, then it cannot have J — 1 and it 
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Fig. 27: Fit to the reconstructed ftgM mass to directly extract F/, 



[167]. 



must have positive C [168]. 

2. The behavior of the Z<f> Higgsstrahlung cross section at threshold 
constrains the possible values of J PC of the state. If the spin of the is 2 
or less, a cross section growing as (3 indicates a CP-even object, whereas a 
cross section growing as p 3 signals a CP-odd state [169,170] with differences 
as shown in fig. 28(a). 

3. The angular dependence of the e + e~ — > Z<fi cross section depends 
upon whether the <f> is CP-even, CP-odd, or a mixture [170-173]. Following 
[173] we parameterize the ZZ(j) vertex as 



rV(fci,fc 2 ) = ag^ v + b 



(35) 



z z 
where k\ and k 2 are the momenta of the two Zs. The first term arises 
from a Standard-Model-like ZZ(j> coupling, and the last two from effective 
interactions that could be induced by high-mass virtual particles. With this 
vertex the Higgsstrahlung cross section becomes 



da 



d cos 9z 
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(36) 
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Fits of 2 dimensional angular distributions of ZH 
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/ _ „ T chisquared/df 

Vs, GeV 



Fig. 28: (a) Behavior of Higgsstrahlung threshold for various spin states along with 
typical measurement precisions on the cross section. Taken from [169]. (b) Fit to 
the double- differential angular distribution in Z<f> events (see text) to distinguish 
CP-even and CP-odd states. Taken from [135]. 



where 9z, Pz, and Ez are the scattering angle, momentum, and energy of 
the final-state Z boson; v e and a e are the vector and axial-vector Ze + e~ 
couplings; and a = a — bEzy/s/rn^. The term in eq. (36) proportional to 
cos 0z arises from interference between the CP-even and CP-odd couplings 
in eq. (35) . If the CP-odd coupling b is large enough, it can be extracted from 
the forward-backward asymmetry. Even upper limits on this asymmetry 
would be interesting. Note that the CP-even component of a Higgs boson 
will typically couple at tree level whereas the CP-odd component will only 
couple via one-loop diagrams (typically dominated by the t quark loop) . As 
a result, one expects the coupling strength b to be proportional to rn? z /s 
times a loop suppression factor. Thus, an asymmetry measurement may 
be able to provide a crude determination of the b/a term. If is a purely 
CP-odd state with a one-loop coupling, the resulting ZA° cross section will 
simply be too small to provide a useful measurement of the asymmetry. 

4. The angular distribution of the fermions in the Z — » // decays in Z(f> 
production also reflects the CP nature of the state <p [171,172]. For the decay 
Z — > e + e~ or the following angles can be defined: the angle between 

the initial e~ and the Z\ the angle between the final state e~ or fi~ and 
the direction of motion of the Z, in the rest frame of the Z; and the angle 
between the Z production plane and Z decay plane. Correlations between 
these angles can be exploited, e.g., a fit to the double-differential angular 
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distribution of the first two of these angles results in a lAa separation be- 
tween the ++ (CP-even, scalar) and the _+ (CP-odd, pseudoscalar) [135], 
assuming that the Z<f> cross section is independent of the CP nature of <j> 
[see fig. 28(b)]. Even more powerful are fits to the triple-differential angular 
distribution where sufficient luminosity can uncover non-standard ZZ(j) cou- 
plings. However, this technique again suffers from the difficulty described 
in the previous item; namely, the CP-odd part of the state <f> is typically 
so weakly coupled to ZZ that there is little sensitivity to the CP-odd com- 
ponent (if there is any significant CP-even component in (f) or little cross 
section (if </> is almost purely CP-odd). 

5. If <p has significant branching ratios to either t + t~ or it, channels 
which are 'self-analyzing', then the decay distribution structure can provide 
a direct determination of the ratio bf/af in the y//(a/ + i&/75)/</> (/ = 
t or t) Yukawa coupling structure of <j> [174-176]. Detector simulation 
studies have been made of the specific decay <p — * t+t~ — ► p + V T p~v T where 
likelihood fits were made to angular correlations between decay products 
of each r [177] resulting in distinguishing the CP nature of the <f> to a 
confidence level greater than 95% with 500 fb _1 at y/s = 500 GeV. 

6. The angular distributions in the it<j) final state, which has adequate 
cross section for \fs > 800 GeV for modest values of < 200 GeV, assum- 
ing Yukawa coupling ytt(a t + ib t ^^)t(f) comparable to SM values, appears to 
provide an excellent means for determining the CP nature of tfi by allowing 
one to probe the ratio bt/at [102, 178]. An observable CP-violating asym- 
metry in tt(j) production (via a T-odd triple correlation product proposed 
in [101]) would provide evidence for a CP-violating Higgs sector. 

7. It is likely that the CP properties of the <p can be well determined 
using photon polarization asymmetries in 77 — > <p collisions [176, 179, 180] 
(see Section 11). 

8. If the (j> has substantial ZZ coupling, then e~e~ — > ZZe~e~ — ► 
(f>e~e~ can be used to probe its CP nature [181] via the energy distributions 
of the <j> and the final electrons, which are much harder in the case of a CP- 
odd state than for a CP-even state. Certain correlations are also useful 
probes of the CP properties of the (p. However, if the CP-odd portion of 
(f> couples at one- loop (as expected for a Higgs boson), there will be either 
little sensitivity to this component or little cross section. 

9.8. Precision studies of non-SM-like Higgs bosons 

We confine our remarks to the two-doublet Higgs model (either the 
MSSM Higgs sector or a more general 2HDM). In the MSSM, we noted 
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in Section 5.4 that for m A a < \fs/2, as long as one is not too close to 
threshold, it is possible to observe all Higgs scalars of the non-minimal 
Higgs sector. In particular, in parameter regions away from the decoupling 
limit, none of the CP-even Higgs scalars may resemble the SM Higgs boson. 
Precision studies of all the Higgs bosons will provide a detailed profile of the 
non-minimal Higgs sector. Once m^o > only the h° will be visible 

at the LC in an approximate decoupling regime (although there may be 
some possibilities for observing the heavier Higgs states produced singly 
either in association with a bb pair at large tan (3 where the coupling to bb 
is enhanced, or by s-channel resonance production at a 77 collider). In the 
more general 2HDM, the simplest mechanisms for producing the heavier 
neutral Higgs bosons are e + e~ — > H°A°, e + e~ — ► H°bb, A°bb and e + e~ — > 
H°ii,A°tt. Charged Higgs bosons can be produced via e + e~ — > H + H~ 
and e + e~ — ► H + tb + H~tb. We have seen that none of these processes are 
guaranteed to be either kinematically accessible or have a useful rate. 

Values of m^a and m#o in excess of 500 GcV to 1 TeV are certainly 
possible. In such substantial increase of energy for the LC will be 

required to observe these states directly, either in association with bb (at 
large tan /3) or via H°A° production. Measuring the former will provide a 
crucial determination of the bb couplings, which in the given model context 
will provide a determination of tan/3, with accuracy determined by the 
production rates. Moreover, if H° and A can be produced at a high rate 
(by whatever process), a detailed study of their branching ratios has the 
potential for providing vital information regarding the model parameters. 

In low-energy supersymmetric models, the heavy H°, A and would 
generally decay to various pairs of supersymmetric particles as well as to 
b's and t's. A study of the relative branching ratios and the rates for spe- 
cific processes would provide powerful determinations of tan/3 and many 
of the soft-supersymmetry-breaking parameters [182-186]. In addition, at 
large tan/3 the absolute widths of H°,A° (H + ) become large enough to 
be directly measured in the bb (tb) final state and provide an excellent de- 
termination of tan/3 [186]. 12 The accuracy in the tan/3 measurement that 
can be achieved after combining all these tan/3 determinations in quadra- 
ture are illustrated in fig. 29 assuming y/s = 500 GcV, L = 2000 fb _1 , 
and m^o = 200 GeV. Excellent precision is achieved at low and high tan (3 



12 More precisely, what is being measured via the above techniques is the relevant Yukawa 
coupling, which is determined by tan f3 at tree level. At one-loop, radiative corrections 
must be included in order to convert from the Yukawa coupling to a uniform definition 
of tan f3 [187]. 
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Determination of tan£: Vs~=500 GeV, L=3000 fb" 1 
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Fig. 29: The accuracy with which tan/3 can be measured, assuming m^o = 
200 GeV, y/s = 500 GeV and integrated luminosity of L = 2000 fb~\ after com- 
bining in quadrature the errors on tan j3 from: a) the rate for bbA°, bbH° — > bbbb; 
b) the H°A° — » bbbb rate; c) a measurement of the average H°,A° total width 
in H°A° production; d) the H + H~ — > tbtb rate; and e) the total width 
measured in H + H~ — » tbtb production. Results are shown for two supersymmet- 
ric scenarios: in (I), the H° and A do not decay to supersymmetric particles; 
in (II) , there are substantial decays of the H and ^4° to a pair of the lightest 
supersymmetric particles (xiXl)- Taken from [186]. 

regardless of the specific supersymmetric scenario. However, in the range 
10 < tan/3 < 30, good accuracy in the tan/3 measurement is only achieved 
if there are some supersymmetric decays of H° and A against which the 
corresponding bb decay modes have to compete. 

10. The Giga-Z option — implications for Higgs physics 

Measurements of the effective leptonic mixing angle and the W boson 
mass to precisions of S sin 2 9 e fi ~ 10~ 5 and 5mw ~ 6 MeV at Giga-Z 
can be exploited in many ways. The size of the resulting 90% CL ellipses 
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were shown in fig. 15. These measurements imply that the SM Higgs boson 
mass can be determined indirectly to a precision of about 7%. A deviation 
between the directly observed value and the value implied by a global SM 
fit to Giga-Z data would require new physics beyond the SM. 

If new physics is present then it will be possible to obtain information 
about new high mass scales beyond the direct reach of the collider. For 
example, in the MSSM such information would be of particular importance 
if the heavier scalar top quark, t 2 , and the heavy Higgs bosons ^4°, H° 
and ff* were beyond the kinematical reach of the LC and background 
problems precluded their observation at the LHC. Similar considerations 
apply to more general extended Higgs sector models. 

10.1. Giga-Z and the MSSM 

In the MSSM, the relation between raw and sin 2 6 e g is affected by the 
parameters of the supersymmetric sector, especially the t sector. At the 
LC, the mass of the light t, nif 1 , and the i mixing angle, Of, should be 
measurable very well if the process e + e~ — ► t\t\ is accessible [188]. 

In fig. 30 [21], it is demonstrated how upper bounds on ra^a and raf 2 
can be derived from measurements of ra^o, raw and sin 2 e s, supplemented 
by precise determinations of mf and Of. The most restrictive upper bounds 
are obtained if tan/3 > 10 (in this case, one assumes that the value of tan/3 
would have already been determined from measurements in the gaugino 
sector [189]). The other parameters values are assumed to have the uncer- 
tainties as expected from LHC [190] and the LC [129]. 

For low tan /3 (where the prediction for ra h o depends sensitively on tan /3) 
the heavier t mass, mj 2 , can be restricted to 760 GeV < mf 2 < 930 GeV 
from the ra^o , raw and sin 2 e e precision measurements. The mass ra A o 
varies between 200 GeV and 1600 GeV. If tan > 10 (where ra h o has only 
a mild dependence on tan/3), the allowed region for the ti is much smaller, 
660 GeV < nif 2 < 680 GeV, and ra A o is restricted to ra A a < 800 GeV. 

In deriving the bounds on the heavier t mass, m,f 2 , the constraints from 
ra h o , sin 2 e s and raw play an important role. For the bounds on m^o , the 
main effect comes from sin 2 # e flf. The assumed value of sin 2 e s = 0.23140 
differs slightly from the corresponding value obtained in the SM limit. For 
this value the (logarithmic) dependence on ra A a is still large enough [21] so 
that from the high precision in sin 2 e g at Giga-Z an upper limit on ra A o 
can be set. With an error in sin 2 e s that would be at least ten times larger 
at the LC without the Giga-Z mode, no bound on ra A o could be inferred. 
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Fig. 30: The region in the [m^o, m^J parameter space, allowed by 1 a errors 
obtained from the Giga-Z measurements of m\y and sin 2 6 c ff-. myy = 80.400 ± 
0.006 GeV, sin 2 6 cS = 0.23140 ± 0.00001, and from the LC measurement of m h o: 
rn h o = 115 ±0.05 (exp.)±0.5 (theo.) GeV. tan/3 is assumed to be tan/3 = 3 ±0.5 
or tan/3 > 10. The other parameters are given by = 500 ± 2 GeV, sin#£ = 
-0.69 ± 0.014, A b = A t ± 10%, m s = 500 ± 10 GeV, n = -200 ± 1 GeV and 
M 2 = 400 ± 2 GeV. Taken from [21]. 



10.2. Giga-Z and non-exotic extended Higgs sectors 

Building on the discussion of the general 2HDM given earlier, one can 
imagine many situations for which the very small Giga-Z 90% CL ellipses 
illustrated in fig. 15 would provide crucial (perhaps the only) constraints. 
For example, suppose the LHC observes a 1 TeV Higgs boson with very 
SM-like properties and no other new physics below the few- TeV scale. We 
have seen that this is possible in the 2HDM scenarios consistent with cur- 
rent precision electroweak constraints. Suppose further that it is not im- 
mediately possible to increase -y^ sufficiently so that h°A° production is 
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allowed (typically requiring y/s > 1.5 TeV in these models). Giga-Z mea- 
surements would provide strong guidance as to the probable masses of the 
non-SM-like Higgs bosons of any given non-minimal Higgs sector. However, 
it must be accepted that a particular Giga-Z result for S,T might have 
other non-Higgs interpretations as well. 

11. The 77 collider option 

Higgs production in 77 collisions offers a unique capability to measure 
the two-photon width of the Higgs and to determine its CP composition 
through control of the photon polarization. 

The 77 coupling of a SM-like Higgs boson ]%sm of relatively light mass 
receives contributions from loops containing any particle whose mass arises 
in whole or part from the vacuum expectation value of the corresponding 
neutral Higgs field. A measurement of T(/ism — * 77) provides the possibility 
of revealing the presence of arbitrarily heavy particles that acquire mass 
via the Higgs mechanism. 13 However, because such masses are basically 
proportional to some coupling times v, if the coupling is perturbativc the 
masses of these heavy particles are unlikely to be much larger than 0.5- 
1 TeV. Since BR(/ism — » X) is entirely determined by the spectrum of light 
particles, and is thus not affected by heavy states, N(jj — > Hsm — ► X) oc 
r(/isM — * 77)BR(/ism — * X) will provide an extraordinary probe for such 
heavy states. Even if there arc no new particles that acquire mass via the 
Higgs mechanism, a precision measurement of ^(77 — > h — > X) for specific 
final states X (X = bb, WW*, . . .) can allow one to distinguish between a h 
that is part of a larger Higgs sector and the SM /ism- 14 The deviations from 
the SM predictions typically exceed 5% if the other heavier Higgs bosons 
have masses below about 400 GeV. 

The predicted rate for Higgs boson production followed by decay to fi- 
nal state X can be found in [14]. This rate depends strongly on d£ 71 /dy, 
the differential 77 collider luminosity, where y = m^/y/s and y/s is the 
ee collider center-of-mass energy. An important parameter to maximize 
peak luminosity is (AA'), the average value of the product of the helicitics 
of the two colliding photons after integration over their momentum frac- 
tions z and z'. Larger values of this parameter also suppress the dominant 

13 Loop contributions from particles that acquire a large mass M from some other mech- 
anism will decouple as M~ 2 and r(ftgM — * 77) will not be sensitive to their presence. 
14 It may also be possible to detect some rare Higgs decay modes at the 77 collider. For 
example, [19] argues that the detection of 77 — » hsM —* 77 will be possible. 
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Fig. 31: The CAIN [191] predictions for the 77 luminosity, L — d£/dE 77 , are 
plotted in units of fb _1 per 3.33 GeV bin size, for circularly polarized photons 
assuming the NLC-based design for the 77 collider [10, 17], with y/s = 160 GeV, 
80% electron beam polarization, and a 1.054/3 micron laser wavelength. The di- 
rections of the photon polarizations and electron helicities have been chosen to 
produce a peaked ,E 77 spectrum. Beamstrahlung and other effects are included. 
The dashed (dotted) curve gives the component of the total luminosity that de- 
rives from the J z — (J z = 2) two-photon configuration. Also plotted is the cor- 
responding value of (AA'} [given by (AA') = {Lj m=0 - L Jz=2 )/{Lj z =o + L Jz=2 )]. 
Taken from [17]. 



J z = ±2, 77 — * bb(g) background, which is proportional to (1 — (AA')). The 
computation of d£ 77 /dj/ was first considered in [11, 12]. More realistic de- 
terminations [191] including beamstrahlung, secondary collisions between 
scattered electrons and photons from the laser beam, and other non-linear 
effects result in a substantial enhancement of the luminosity in the low-£' 77 
region as shown in fig. 31. 

The choice of parameters that gives a peaked spectrum is well suited 
for light Higgs studies. Using the spectrum of fig. 31 as an example, the 
di-jet invariant mass distributions for the Higgs signal and for the bb(g) 
background for m^ SM = 120 GeV are shown in fig. 32 [17]. After a nominal 
year of operation (10 7 sec), T(/ism — ► 77)BR(ft-sM — ► bb) could be measured 
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Fig. 32: Higgs signal and heavy quark backgrounds for 77 — > h in units of events 
per 2 GeV for a Higgs mass of 120 GeV after one year of running, with the 77 
luminosity spectrum of fig. 31. Results are from [17]. 



with an accuracy of about 2.9%. (The more optimistic error of close to 2%, 
quoted in [15,192] for m^ SM = 120 GeV, is based upon a significantly higher 
peak luminosity.) The error for this measurement increases to about 10% 
for m/j SM = 160 GeV, primarily due to the decrease of the Higgs di-jet 
branching fraction by a factor of 18. 

In many scenarios, it is possible that by combining this result with other 
types of precision measurements for the SM-like Higgs boson, small devi- 
ations can be observed indicating the possible presence of heavier Higgs 
bosons. For a 2HDM (either the MSSM or a two-Higgs-doublet model with 
partial decoupling), if m H o ~ m^o > then e + e~ — > H°A° is not possi- 

ble. Further, as discussed earlier in association with fig. 16, the alternatives 
of bbH and bbA° production will only allow H° and A detection if tan j3 
is large [105]. Thus, 77 — ► H°,A° may be the only option allowing their 
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discovery (without a collider with higher \/s). The back-scattering kine- 
matics are such that a LC for which the maximum energy is y/s = 630 GeV 
can potentially probe Higgs masses as high as 500 GeV in 77 collisions. If 
m H o and m A o are known to within roughly 50 GeV on the basis of preci- 
sion h° data, then they will be easily detected by choosing the machine yfs 
and polarization/hclicity configurations that yield a -E 77 spectrum peaked 
near the upper edge of the expected mass range [17,83]. But, if it hap- 
pens that no constraints have been placed on the H°, A masses, then it is 
most appropriate to run entirely at the maximal yfs and to consider how 
best to cover the portion of the LHC wedge 15 with m H o ~ m A o > y/s/2 
(for which H°A° pair production is not possible). Assuming a maximum 
of yfs = 630 GeV, the goal would then be to roughly uniformly cover the 
300 GeV < m A o,m H o < 500 GeV region of the LHC wedge. For this pur- 
pose, it is best to run part of the time with polarization/helicity directions 
that yield a peaked (type-II) spectrum (with peak at i? 77 ~ 500 GeV for 
y/s = 630 GeV) and roughly three times as long in a polarization/helicity 
configuration that yields a broad (type-I) E 11 spectrum with good lumi- 
nosity and substantial (AA') in the 350 < i? 77 <> 450 GeV region. 

For the NLC-based design of the 77 collider as specified in [10, 17], after 
roughly four years of total running time (one year with the peaked spec- 
trum and three years with the broad spectrum, assuming that the machine 
operates 10 7 sec per year) one can achieve > 4cr signals (99% exclusion) 
in 77 — > H° ,A° — > bb for most (all) of the [m A o , tan (3] LHC wedge re- 
gion. With twice the luminosity of the nominal NLC design (as might be 
achieved at TESLA or by using round beams at the NLC), essentially all 
of the wedge region is covered at the 5cr level except for the lowest tan/3 
values in the m A a > 2m t part of the wedge (where it is anticipated that 
77 — > H°, A° — > it will yield a viable signal). This is summarized in fig. 33. 
In fact, for H°, A discovery, the 77 collider is almost perfectly complemen- 
tary to the LHC (and also the LC operation in the e + e~ collision mode). 

The corresponding results for 77 — > h —> bb for the wedge region of a 
2HDM model with a light decoupled h, and all other Higgs bosons heavier 
than y/s, were given earlier in fig. 16. Again, the 77 collider would allow h 
discovery in a substantial portion of the wedge region in which its discovery 
would not otherwise be possible. 

Once one or more Higgs bosons have been detected, precision studies can 

15 The LHC wedge, discussed in Section 6.3, corresponds to the moderate tan/3 large 
m A o wedge-like region in the [m A o , tan f3] parameter space (see fig. 14) where only the 
h° of the MSSM Higgs sector can be observed. 
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Fig. 33: Assuming a machine energy of yfs = 630 GeV and employing only 
77 — > H°,A° — * bb, we show the [m^o,tan/3] regions for which three years of 
operation using the type-I PX e , P'\' e > polarization configuration and one year 
of operation using the type-II PX e , P'X' e < configuration will yield S/yB > 5, 
S/VB > 4 or exclude the H°,A° at 99% CL. The dashed curves indicate the 
wedge region from the LHC plot of fig. 14 — the lower curve gives a rough approx- 
imation to the LEP (maximal-mixing) limits while the upper curve is that above 
which H°,A° — > t + t~ can be directly detected at the LHC. The upper plot is 
for the NLC-based 77 collider design and the lower plot is that achieved with a 
factor of 2 increase in luminosity, as might be achieved at TESLA or by using 
round e~e~ beams instead of flat beams at the NLC. Results are from [17] as 
summarized in [19]. 
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be performed including: determination of CP properties; a detailed scan to 
separate the H° and A in the decoupling limit of a 2HDM; and branching 
ratios measurements. The branching ratios to supersymmetric final states 
are especially important for determining the basic supersymmetry breaking 
parameters [83,183,184,193]. 

The CP properties can be determined for any spin-0 Higgs h produced 
in 77 collisions. Since 77 — > h is of one-loop order, whether h is CP-even, 
CP-odd or a mixture, the CP-even and CP-odd parts of h have 77 couplings 
of similar size. However, the structure of the couplings is very different: 

A CP-even OC t\ ■ 6 2 , A CP-odd »C (e*l X £ 2 ) ' Pbcam • 

(37) 

By adjusting the orientation of the initial laser photon polarization vectors 
with respect to one another, it is possible to determine the relative CP-even 
and CP-odd content of the resonance h [179]. If h is a mixture, one can 
use helicity asymmetries for this purpose [176, 179]. However, if h is either 
purely CP-even or purely CP-odd, then one must employ transverse linear 
polarizations [176,180]. Substantial luminosity with transverse polarization 
can be obtained, although the spectrum is not peaked (see [17]). 

One measure of the CP nature of a Higgs boson is the asymmetry for 
parallel vs. perpendicular orientation of the linear polarizations of the initial 
laser beams, 

A = -J , 38 

N\\ + Nj_ v ' 

which is positive (negative) for a CP-even (odd) state. Since 100% linear 
polarization for the laser beams translates into only partial linear polar- 
ization for the colliding photons, both iVy and N± will be non-zero for the 
signal. In addition, the heavy quark background contributes to both. The 
expected value of A must be carefully computed for a given model. For the 
SM Higgs boson with mh SM = 120 GcV, it is found [17] that A can be mea- 
sured with an accuracy of about 20% in one year of operation using linear 
polarizations for the two lasers. This measurement would thus provide a 
moderately strong test of the even-CP nature of hsM- Of course, the linear 
polarization configuration is not ideal for the most accurate determination 
of T(/isM — > 77)BR(/ism — * bb), but would allow measuring this product 
with an accuracy of about 8%. 

We end by noting that the e~-f and e~ e~ collider options are most 
relevant to exotic Higgs scenarios, as discussed in Section 8. 
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12. Concluding Remarks 

The physical origin of electroweak symmetry breaking is not yet known. 
In all theoretical approaches and models, the dynamics of electroweak sym- 
metry breaking must be revealed at the TeV-scale or below. This energy 
scale will be thoroughly explored by hadron colliders, starting with the 
Tevatron and followed later in this decade by the LHC. Even though the 
various theoretical alternatives can only be confirmed or ruled out by future 
collider experiments, a straightforward interpretation of the electroweak 
precision data suggests that electroweak symmetry breaking dynamics is 
weakly-coupled, and a Higgs boson with mass between 100 and 200 GeV 
must exist. With the supersymmetric extension of the Standard Model, this 
interpretation opens the route to grand unification of all the fundamental 
forces, with the eventual incorporation of gravity in particle physics. 

The discovery of the Higgs boson at the Tevatron and/or the LHC is 
a crucial first step. The measurement of Higgs properties at the LHC will 
begin to test the dynamics of electroweak symmetry breaking. However, 
a high-luminosity e + e~ linear collider, now under development, is needed 
for a systematic program of precision Higgs measurements. For example, 
depending on the value of the Higgs mass, branching ratios and Higgs cou- 
plings can be determined in some cases at the level of a few percent. In this 
way, one can extract the properties of the Higgs sector in a comprehensive 
way, and establish (or refute) the theory of scalar sector dynamics as the 
mechanism responsible for generating the fundamental particle masses. 
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